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Abstract

Abstract

Effective protein adsorption has attracted attention for broad application in
the biomedical field. To date, continuous improvement on adsorbent particles was
developed by the utilization of various materials or modifying their
physicochemical properties to increase the ability of adsorption, which is adjustable
according to the required application. This dissertation introduced a combination of
TEMPO-oxidized cellulose nanofiber (TOCN) and macroporous particles through
a spray process as the new material for advanced protein adsorbent. It aims to gain
a better understanding of the effect of surface functional groups and nanostructures
on the adsorption behavior of protein as one of the macromolecules. Several
parameters in the process of synthesis and adsorption performance have been
carried out to investigate the effectiveness of this combination and to understand
whether the driving factors in the adsorption process. A brief description of each

chapter in this dissertation is shown below.

Chapter 1 provides the background and motivation for current research
on development powder technology in protein adsorption. The theoretical
explanation and review of the previous studies were presented in the development

of physicochemical properties modification of adsorbent.

At first, in Chapter 2, this dissertation focused on the scheme selection of
an effective way to prepare the macroporous particle by the spray-templating
method. Macroporous carbon particles were prepared through poly (methyl
methacrylate) (PMMA) templating in the variation of PMMA concentration and
particle size to evaluate the formation of macroporous structures. The
characteristics of resulted microporous carbon particles are then compared with
those produced through polystyrene latex (PSL) templating. It was found that with
similar morphological results, the PMMA template reduced the energy
consumption for decomposition and produced a higher specific surface area of

macroporous carbon particles compared to that using the PSL template.

PMMA templating method then used for synthesis macroporous SiO>
particles in Chapter 3 as the host of TEMPO-oxidized cellulose nanofiber (TOCN)
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deposition. The performance of TOCN decorated macroporous SiO>
(TOCN@macroporous Si0») particles then evaluated for lysozyme adsorption. The
mass ratio of TOCN and SiO> particles was varied to understand the contribution
of each component as well as to obtain the optimum conditions. The results show
that TOCN@macroporous SiO> particles have a unique cellulose nanofiber network
structure on the macroporous with highly-negative zeta potential(—62 + 2 mV) close
to the zeta potential of TOCN but possess higher specific surface area. The presence
of macroporous SiO; particles leads to the improvement of lysozyme adsorption
17% higher than TOCN particles. Furthermore, TOCN@macroporous SiO:
particles have very high reusability (> 90% adsorption capacity) and good adsorbate

release (> 80%) after 10 times of use.

In Chapter 4, the macropore size of silica particles was adjusted to
understand how TOCN depositions decorate the macropore structure. In addition,
the adsorption kinetics, thermodynamics, and isothermal parameters were studied
to analyze the driving factors of protein adsorption. The result shows that the
adsorption process occurred spontaneously at any temperature with adsorption
equilibrium achieved before 10 minutes due to the contribution of electrostatic
interaction and hydrogen bonding. Furthermore, the protein adsorption capacity
depends on protein interaction with the carboxylate group and the accessible pore
space of adsorbent. The pore size corresponding to the length of TOCN can affect
the TOCN deposition both to the external surface or penetrate the macropore
structure. This deposition behavior was resulting in a broad pore size distribution
with abundant accessible active sites that can adsorb large molecules such as

lysozyme through a multi-layer adsorption process via a pore-filling mechanism.

General conclusions of all topics are listed in Chapter 5.
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Chapter 1

Introduction

Protein is one of the macromolecules with the most necessary functions in our lives. Protein
adsorption is a complex process that plays a significant role in a variety of critical biological-
related methods [1]. Therefore, in recent decades, numerous researches have been devoted to
exploring various materials as adsorbent particles or modifying their physicochemical properties
to increase the ability of protein adsorption, which is adjustable according to the required

application.

1.1. Application of protein adsorption

The control process of protein adsorption on the surface of the adsorbent material following
the specific requirements is needed for various applications, such as separation, purification, drug

delivery agents, biosensors, and hemodiafiltration filtration. (Figure 1.1).
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Figure 1.1 Application of protein adsorption in the biomedical field
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1.1.1. Separation and purification

In bioseparation and purification technology, protein adsorption plays a vital role in
separating the targeted protein from a complex mixture solution. Protein adsorption mainly
performed by the micro-sized particle as an adsorbent in ion exchange and affinity chromatography.
However, adsorbent particles were usually used in a packed column in chromatography has a poor
mass transfer due to the small pore size of particles or low intraparticle connected channels [2,3].
As a result, long contacting time was required to allow the protein penetrates and fully adsorbed
onto particles that lead to relatively low adsorption capacity. Therefore, designing adsorbents that
are not only good at separation accuracy but also have a relatively high adsorption capacity, high

surface area, and excellent mass transfer properties remains a significant challenge [4].

1.1.2. Drug delivery system

Protein adsorption also becomes a key for a successful drug delivery system because the
protein drug was loaded on the carrier (adsorbent in drug delivery agent) particles by adsorption
process. Adsorbing drugs on the nanostructured carrier particle can enhance drug physicochemical
stability [5]. In addition, for poor-soluble protein drug, protein-drug carrier particles with high
porosity are required to improve the solubility [6]. The high porosity carrier particles are enabling
the better penetration of the solvent into the drug-excipient matrix. Therefore, designing the protein
drug carrier that biocompatible, well-defined surface properties and consists of tunable pore sizes

with a uniform porous structure are needed.

1.1.3. Biosensor

In diagnostic applications, such as biosensors, an adsorbent material should demonstrate
the following characteristics. Good in selectivity, sensitivity, and specificity of the analyte to be
tested[7]. For example, the selective adsorption of lysozyme from saliva, serum, urine, and tears
for detecting leukemia, Alzheimer’s, kidney failure, or renal disease [8—10]. In the process of
adsorption in biosensor applications, adsorbent particles as a diagnostic material must be able to
adsorb quickly and not easily disturbed by other components in the complex matrix of biological
fluids. In this case, nanostructured composite particles with specific surface properties are usually

used as a matrix to absorb selected proteins from human fluid samples.
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1.1.4. Hemodiafiltration

Another application of protein adsorption is for the treatment of chronic hemodiafiltration.
Usually, porous membranes were used in this field because it is effective at clearing small toxic
compounds molecules like urea (small molecule) and B>-microglobulin (middle molecule). Even
though, unlike the natural kidney, the porous membrane is limited in clearing macromolecules
(e.g., albumin)[11]. Thus, materials that mimic the structure or function of biological systems in
certain aspects often encounter obstacles in practical applications. In other words, designing of
biomolecular cleaning devices with efficient adsorption (can absorb small-macromolecules)

become a big concern in this field.

From the above explanation, it cannot be denied that although adsorption of protein has
many functions, designing advanced adsorbent particles that can be adapted to the required

application is a big challenge.

1.2. Driving Force in Protein Adsorption
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Figure 1.2 a) Protein structure. b) The forces driving adsorption of proteins
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Proteins are composed of alpha-amino acids as their main building block [12]. As shown
in Figure 1.2a, alpha-amino acids are consist of amine functional group, a-carbon, carboxylic acid
functional group, and variable R-group. R-group itself consists of many variations, which then
make amino acids have characteristics such as non-polar, positive and negative charged, and polar,
in which each character tends specific physicochemical properties [13]. Based on these, the
adsorbent particles were designed by the modification of physicochemical properties. The
scenarios that usually carried out are controlling hydrophobicity, specific functionalization, and
nanostructure (Figure 1.2b). Thus, the mechanism of protein adsorption can occur through the
combinative forces of hydrophobic interaction, hydrogen bonding, electrostatic interactions, and

van der Waals forces [14—19].

1.2.1 Effect of hydrophilicity
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Figure 1.3. Mechanism of protein adsorption due to hydrophobic interaction

Protein adsorption is generally strongly driven by changes in entropy. The change in
entropy can arise from the removal of water molecules from the surface of the absorbent to the
bulk aqueous phase. Thus, the protein can be adsorbed on the adsorbent surface trough the
dehydration force. In other words, surfaces that tend to have strongly bound water molecules
(hydrophilic) require more enthalpy of dehydration to remove water molecules that allow the
adsorption process to occur. Due to these reasons, in general, proteins tend to adsorb more readily

to hydrophobic surfaces compared to hydrophilic ones (Figure 1.3). However, due to the highly
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dehydrated hydrophobic surface, several proteins can be adsorbed simultaneously, which
eventually resulting in non-specific adsorption. Indeed, the non-specific adsorption is undesirable
for several applications due to its decreasing sensitivity, specificity, and reproducibility. Therefore,
although a challenge remains to enhance the adsorption performance, material with the hydrophilic
surface is more desirable due to several reasons: (1) the specific adsorption can be easily occurred
by tuning the functionalization or nanostructure. (2) The hydrophilic surface has a more
biocompatible attribute compared to the hydrophobic one [20]. (3) The majority of sustainable

materials (e.g., natural polymers) have hydrophilic properties.

1.2.2 Effect of functionalization

The modification through surface chemical modification such as incorporating carboxylic
acid (COOH) on the surface of the adsorbent or nanostructuring can be the appropriate strategies
to address the challenge in making adsorbents with hydrophilic properties[21-25]. In an aqueous
environment, proteins are generally electrically charged and surrounded by ions. The pH of the
surrounding environment can influence the net charge of proteins through the acquisition or loss
of protons, which makes the protein more positively or negatively charged. In acidic solutions,
acidic functional groups are protonated and produce a positive charge (Figure 1.4a). On the other
hand, in alkaline solutions, negatively charged proteins are deprotonated from the functional
groups of protein bases. Whereas at the isoelectric point, there is as much positive charge as the
negative charge so that the net charge is zero, even though the high-charged fill remains on the
surface of the protein. As illustrated in Figure 1.4b, the presence of the functional groups on the
hydrophilic adsorbent can guide and generate more active sites by interaction with the functional

groups (amino acid or carboxylic acid) of protein by electrostatic interaction or hydrogen bonding.



Chapter 1. Introduction

O
Electrostatic
Interaction

(b)
Protein Adsorbent 00C
COOH == Jits
@@ e
HN COOH == ++ & Fa
—dhh - + O,
pH = =" L] -

&

Protein Charge
5
1
1
1

1
I
]
&
l,,
31_
Hydrogen
Bonding

Figure 1.4 (a) Isoelectric point of the protein. (b) Mechanism of protein adsorption due to the
functionalized surface

Surface functionalization is proven to enhance the adsorption ability of hydrophilic
materials successfully. For example, Feng et al. enhanced the adsorption performance of
ovalbumin and lysozyme by mixing the carboxymethyl chitosan with natural chitosan [26]. Meder
et al. compared the effect of the functional group of amino, carboxyl, sulfonate, and phosphate
groups and investigated their performance in adsorption of bovine serum albumin (BSA),
lysozyme (Lyz) and trypsin (Try)[27]. The results show that electrostatic forces are the main
driving force in protein—particle interaction. BSA that has a negative charge in neutral pH tends to
be adsorbed to positively charge while Lys and Try, which negatively charged, tend to be adsorbed
on negatively charged adsorbent particles. Therefore, the hydrophilic surface that has abundant

functional groups and highly zeta potential will be highly desirable for efficient adsorption

1.2.3 Effect of nanostructure

Compared to a smooth surface or dense structures, nanostructured materials have been
shown to have excellent biocompatibility properties due to increased interaction with proteins in
the process of adsorption and conformation[28,29]. Nanostructure on particles leads to the
presence of nano-roughness on the surface of the particles, which increases surface energy and
ultimately drives to more significant protein adsorption[30]. Furthermore, the higher specific
surface area owned by micro/nanostructured will provide much more adsorption sites for bioactive
molecules. Inspired by this reason, the porous structure is the most attractive candidates for a wide
range of applications in biomedical fields. The porous structure can increase the specific surface

area and provide a proper interconnected channel that can enhance good penetration of fluids[31].
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Another advantage of porous structures is that their pore size can be varied from
micropores (<2 nm), mesopores (2-50 nm), and macropores (> 50 nm) according to the size of the
protein to be absorbed. The appropriate pore size can undoubtedly bring many benefits in the
process of adsorption and can control the penetration of selected protein into the porous structure
(Figure 1.5). Deka et al. (2015) reported that besides the surface functionality, the adsorption of
lysozyme was highly dependent on particle structural properties, such as pore size and pore volume
[32]. Therefore, although some materials are naturally low affinity towards protein, various porous
materials have hitherto been employed as protein adsorbents, such as mesoporous silica, porous
carbons, porous resins, metal-organic frameworks, magnetic-based nanomaterials, and cellulose-
based materials due to its ease of functionalization and ease of tuning the pore size [7,33-36].
However, the pore size of the materials, as mentioned above, is usually limited to the mesoporous
range to yield a high specific surface area (SSA), large pore volume, controllable particle size, and
excellent biocompatibility [37]. Unfortunately, this type of porosity has several limitations where
diffusion plays a crucial function, especially for the adsorption of medium-large molecular-sized
species [38]. Vinu et al. found that a longer time was required for lysozyme adsorption when the
pore diameter was less than the molecular dimension of lysozyme [39]. It can be rationalized that
adsorbing molecules have difficulty in reaching the available active sites in the mesoporous

channel due to space limitations.

Mesoporous Particle Macroporous Particle Interconnected Macroporous Particle
Macro-Mesopore Particle

iy A
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Figure 1.5. Porous structure advantages in protein adsorption

The previous researches then found that the diffusion problem can be solved by using a
larger pore size where the pore size should be at least 2 times larger than the largest size of
macromolecules. Therefore, the macroporous structure gives a promising superiority compared to

the mesoporous structure, although consequently, it has a lower surface area. Suh as, the



Chapter 1. Introduction

macroporous structure offers a better permeability, better mass transfer diffusion, better
intraparticle effective diffusivity, lower column backpressure, and more regular flow regime in
static bed column [40—42]. Santos et al. studied the structure effect of SBA-15 for adsorption of
biomolecules by different enlarged sizes of pores[43]. The results show that the modified SBA-15
with larger pore size shows a much higher adsorption capacity due to the shorter channel length,
and good inter-particle channel formation. Sun et al. (2011) also show the advantages of the
macroporous structure. They produced a porous monolith with two types of porous structures
(mesoporous and macro-mesoporous) to adsorb two types of biomolecules with different molecule
sizes [41]. The result shows that the presence of a macroporous structure successfully possesses

higher adsorption capacity than that of the mesoporous silica materials.

Inspiring of the advantages of macroporous and mesoporous structure, macroporous
particles with well-interconnected channels are significantly attractive both fundamentally and
technologically. The interconnected channel could be producing a mesoporous area with sufficient
exposed active surface in porous frameworks. The presence of macroporous as a gateway to the
mesoporous area is an excellent strategy to provide efficient mass transportation with a rapid

movement of large molecules throughout the framework. [44-47].

1.3. Synthesis of macroporous particle

By seeing the many advantages of macropore structure, the macroporous particles are
rapidly becoming the material of choice in various industries and applications. Several routes to
fabricate these materials were discovered. The summary of different methods for the synthesis of

macroporous particles in the biomedical field is shown in Table 1.1.

1.3.1 Suspension polymerization method

This process typically uses the surfactant, monomer of the host material, and monomer of
templating agents in the initial precursor solution. Initially, the surfactant is dissolved in water to
make a micellar solution. The spherical micelle act as the template for the synthesis of spherical
particles. After the stirring process, the monomer of the host, initiator, and monomer of the
template was adsorbed inside of the micelle core[48]. Then, the polymerization reaction of the
template particle occurs in-situ with host monomer material in the presence of an initiator. During

the formation process, the two materials will interact, and self-assembly occurs in micelles core.
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After completion of the reaction, the particles are separated and washed. Finally, the macroporous
particles are obtained after removing the template by a heating or etching process. The advantage
of this method is relatively easy and cheap because it is only used glassware in the manufacturing
process. However, this process requires a lot of attention to get good reproducibility because the
process is multiple steps with batch-to-batch synthesis routes. In addition, the resulted particles of
<200 um in size are generally produced in various sizes, depending on the precise control of the

emulsification process and the resistance of the aggregation of droplets in the polymerization stage.



Chapter 1. Introduction

Table 1.1 Synthesis method of macroporous particles

Particle . .
Method . Remarks Schematic illustration
size (um)
. Nucleate Composite Macroporous
. . .. Droplet (micelle) formation particle Particle
Material : Polymer, silica Monomer Monomer
Merit . Relatively easy tem material 1977
- plate A, .’
Suspension 5.10 Demerit : Multiple step o > >
polymerization (batch-tg-batch e @ o
synthesis routes), [ @ @
b.I’OEid partlcle Micelle Formation Nucleat.ion Growth proces oo Template
size dlStrlbUthn formation (self-assembly) removal
 Aqueous phase Swelled seed Crosslinked Macroy
porous
Material : Polymer, resin v“‘{ﬁff,ﬂp &\qﬁff,&i par'tlcle swelling monomer Particle
Merit . Monodispersed 5‘: ’% = e
_ particle, high Ty 0 )
Seed swelling : W J"m@n 0 @
. . 0.5-200 po rOSIty Emulsion  Swelling Emulsion 0
polymerization Demerit : Complicated, droplet droplet QD
mumple Step§, 3::-.. 00 Swelling Polymerization Extraction
time consuming N\
(1 0-12 hours) Monomer Seed
Original Deformed Macroporous
. W/O, Isi W/0, Isi Polymerized Particle
Material : Polymer /O emulsion /OIW emulsion
Merit . Low reagent Commuousphase :
Microfluidics 10-1000 consumption,
continuous route
Demerit : Costly device, Discrete phase
Clogging and Deformation UV Polymerization
fouling
Droplet Dried Particle Macroporous
. . . Main material Particle
Material : Polymer, resin,  carier.® ((-) charge) /,--—u\
silica, carbon Template £ .
Merit . Easy, low reagent ((-) charge) @ & y ‘.
Spray process 0.5-20 consumption, ‘\\ i
nf’:lrr(_)w Pore size Solventevap\.\ ’ Template
distribution (eelf-assombly) " ==-="  removal
Demerit : Selectivity to
template Atomization
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1.3.2 Seed swelling method

This method includes the formation of seed particles, the swelling process of
porogens, the swelling process of monomer and a crosslinking agent, polymerization, and
porogen removal by extraction [49]. At first, monodisperse seed particles were prepared in
submicron size. In another place, swelling emulsion droplet that contained an aqueous phase,
including activator, swelling agents, monomers, crosslinkers, initiators, and porogens, was
prepared. Seed microspheres were then swelled with aqueous phase by dispersed aqueous
phase emulsion droplet into seed particles. To produce a macroporous structure, porogens
which usually is an organic solvent with a very good solvent to seed particle, inert, and easy
to remove from the particle was needed [50]. After that, polymerization occurs in seed
particles to form a network of polymers. Then, the monomer residue and porogens remain
in the crosslinked polymer network were removed to produce a macroporous structure. As
a result, the seed swelling polymerization method can render macroporous particles of <50
um in size with high porosity and more narrow size distributions. Even so, this method is
complicated and time-consuming because it consisted of multiple steps that required at least

10-12 hours for swelling and polymerization steps.

1.3.3 Microfluidic method

The microfluidic method was developed to overcome the complicated routes and
abundant reagent consumption on conventional batch synthesis. With the microfluidic
technique, a continuous process with a controllable parallel or sequential reaction was
offered. As a result, the particle size polydispersity can be significantly reduced with low
reagent consumption[48]. For manufacturing macropore particles, it can generally be
classified by 4 methods: (1) simple polymerization with or without porogen, (2) phase
emulsions as templates, (3) flow reactions under certain conditions, and (4) nano or micro-
particle assembly [51]. This system generally involves at least two phases in the process
where the inside phase (discrete phase) is a solvent that differs polarity from the outside
aqueous phase (continuous phase). For example, the continuous phase is an aqueous
solution, and the discrete phase is oil. Both of these phases are then infused at a flow rate
which can be adjusted freely using the syringe pump connected to the device with the pipe.
Continuous phase may contain monomers, polymers, or nanoparticles, which would later
become the host material. The discrete phase is a solvent that can later be porogen or may

also contain polymers, which will be the template. Then, the volatile phase is removed

11
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beforehand. After that, the template is removed, and macropore particles are washed to
remove residual residues [52]. However, microfluidic devices are generally costly with
components consisting of slide glass, polyethylene or Teflon tubes, square glass capillaries,
round glass capillaries, and syringe tips. Furthermore, the structure of the microreactor must
be properly calculated because the size and shape of the microchannel greatly affect the

droplet size and failure process, such as clogging and fouling.

1.3.4 Spray method

Another route is by using the spray method. The fabrication of macroporous particles
by the spray method usually uses a combination of host and template particles. The pore size
of the particles can be controlled by adjusting the size of the template. Initially, the
precursors containing the host and template particles are sprayed and form a droplet to the
hot gasses. Then, due to the influence of mechanical and electrical forces on the droplet, the
template and the host will experience self-assembly and dry up to become the final product.
The important point here is that a porous structure will form if the charges of host and
template components are of the same sign of zeta potential [53]. Dried particles then have a

macroporous structure by removing the template particle by heating or chemical etching.

Among the mentioned synthesis method, the spray process is considered to be a
better method because it has many advantages such as easy to operate, simple, and produce
a spherical particle with narrow particle size distribution. In addition, the spraying process
can easily control the characteristics of the final product. By controlling the operating
conditions of the drying process, we can get the shape, density, and morphology of the final
product that we want. However, in the manufacture of macroporous particles with a spray
process, we should take consideration in the selection of the appropriate template. Since the
spray process usually suitable in the high production in industry, template selection should
not only be focused on the controllable charge but also its economic point of view, such as

cost-effective without reducing the specific surface area of the host material.

1.4. Cellulose nanofiber as advanced biopolymer in biomedical application

In recent years, the development of the production of cellulose nanofibers (CNF) has
gained significant interest in the scientific and technological community[54]. CNF is a
cellulose fiber that contained amorphous and crystalline regions in a nanoscale diameter and

a length of a few micrometers. Due to these physical characteristics, CNF has many
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advantages, such as high specific surfaces, excellent mechanical properties, and ease of
being chemically modified. In addition, as cellulose is the most abundant renewable biomass
in the world, CNF is a renewable material that is biodegradable and environmentally friendly.
Compared to cellulose, CNFs have many unique properties such as high surface area,
excellent stiffness, unique barrier, and optical properties, a lightweight, exceptional
mechanical properties (high specific strength and modulus), high aspect ratio, environmental
benefits, low coefficient of thermal expansion, and lowcost [55]. No wonder, CNF offered
a massive versatility in many applications such as biomedical, environmental sciences,

production of packaging, paper, electronics, and plastic composites.

The CNF production process consists of two steps, namely pretreatment and
fibrillation. The pretreatment process can be based on chemical or enzymatic processes such
as TEMPO-mediated oxidation, enzymatic hydrolysis, mechanical purification, acid
hydrolysis, and carboxymethylation. Differences pretreatment processes generate
differences in characteristics such as the morphology of generated CNF, mechanical
properties, and optical properties. Thus, the expected characteristics can be adapted to
various applications. From the CNF-pretreatments mentioned above, TEMPO-mediated
oxidation is gaining interest due to their large specific surface, excellent mechanical

properties, low weight, and the wide range of applications they can be used.

1.4.1 TEMPO Oxidized Cellulose Nanofiber (TOCN)

TEMPO-oxidized cellulose nanofibers (TOCN) was developed by Saito et al.
[56,57]. They developed the system of oxidation of CNF with 2,2,6,6-tetramethylpiperidine
-1-oxyl radical (TEMPO), hypochlorite, and bromide to convert the C6 primary hydroxyl
group to a carboxylate group (Figure 1.6 a). As a result, TOCN possesses rich carboxylate
groups without changing the original crystallinity or crystal width of wood celluloses. After
the size reduction process, TOCN has a homogeneous shape with a width of 3-4 nm, and
length 300 nm ~ >1um (Figure 1.6b). Because TOCN has potential as an environmentally
based raw nanomaterial, TOCN has attracted many researchers in the last decade (Figure

1.7).
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1.4.2 TEMPO Oxidized Cellulose Nanofiber (TOCN): Advantages and challenges

TOCN possesses rich carboxylate that resulted in electrostatic repulsion and osmotic
effects working between anionically-charged TOCN in water. The zeta-potentials of which
are approximately -75 mV in water, cause the formation of entirely individualized TOCN
dispersed in water. The sizeable specific surface area of well-dispersed TOCN is 180 - 800
m?/g depends on its width diameter[58,59]. With the abundant amount of carboxylate groups,
TOCN is expected to exhibit a high affinity toward positively-charged compounds. Previous
studies on TOCN showed significantly high adsorption for heavy metal ions, dye, and
organic solvent (Table 1.2). The TOCN surface has carboxyl and hydroxyl groups that can
coordinate effectively and capture heavy metal cations (Cu (II), Fe (II), Zn (II), As (III)), or
different organic pollutants. However, in its practical application, TOCN faced some
challenges: (1) If directly used as an individual TOCN in the adsorption process, then it will
be difficult to be collected. (2) If used as nanostructures material or as composites, it is

difficult to maintain its adequate dispersion.

Paper [ Aerogel
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Water - _ 3 aerogel
Filtration Freezing Freeze drying
TOCN
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length 300 nm- =1pm Particle
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| I .1‘\__“. V. —_rf’
Spray Drying = Collecting Particle

Figure 1.8 Synthesis method of TOCN-based material.

In the wet-state of TOCN, TOCN is completely individualized dispersed in water.
Due to its great dispersibility, its specific surface area can reach 180 — 800 m?/g depending
on the width and length. However, in the preparation of nanostructure TOCN or its
composite materials, it is difficult to maintain its adequate dispersion. Previously, several

studies have been developed to fabricate TOCN-based materials, as illustrated in Figure 1.8.
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As a result, TOCN is easily integrated and aggregated, which leads to dense structure, low
specific surface area, low pore volume, and small pore size. The aggregation of TOCN
occurred through losing repulsive forces via ionization of carboxyl groups or capillary effect
shrinkage in a drying process at elevated temperatures. Therefore, although TOCN has a
high possibility as a super adsorbent polymer, TOCN based material has limited to aerogel
or nanofiber form (Table 1.2). In the preparation of TOCN-based aerogel, at first, the TOCN
solution was prepared by dispersing in the water. The TOCN hydrogel was then prepared
by filtering the solution using a Buchner funnel to remove excessed water, or adding the
crosslinking agent such as polyamide (PEI) and CaCl; to increase their mechanical strength
in acid condition [60]. TOCNs begin to lose their electric repulsion forces and combine each
other in an acidic environment because the protonation of the carboxyl group initiated the
formation of hydrogen bonds and integration between nanofibers. After that, the hydrogel

was frozen and followed by freeze-drying to obtain aerogel [61].

So far, there is no research regarding the utilization of TOCN, especially in the
particle form, as a protein adsorbent material. The manufacture of TOCN particles itself so
far has only been utilized for hydrophobic coating materials by Zheng et al. (2019)[62]. They
prepared a dried-state TOCN particle using a spray drying technique with the results show
that a large amount of TOCN aggregates towards the droplet core with shrinkage during the
rapid drying process, which leads to a dense morphology and wrinkle surface. Aggregation

between CNF occurs through diffusion forces and hydrogen bond formation [63].

In summary, the particles and the aerogel based on TOCN materials were obtained
with a specific surface area less than 20 m?/g with pore size is less than 5 nm. This small
pore size is certainly suitable for adsorption of ions and dye molecules, which usually have
a size of <2 nm but will be a drawback for protein adsorption, which generally has a size >
4 nm and other macromolecules which have a larger size. In addition, unlike the other
anionic polymers, TOCN has a very large molecular weight and insoluble in solvents such
as water, although in acidic conditions. It certainly makes a significant challenge in the
decoration of substrate material because its utilization is depending on the surface of the

substrate.

Beyond the application as adsorbent materials, the utilization of TOCN in the
biomedical field itself is just starting to be explored in 2015 by Weishaupt et al. [64]. They
explained that TOCN has an interesting structure because it is easily recognized by the body.
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At physiological pH, 90% by weight of TOCN can be easily removed from the body by
dissolving in body fluids for 21 days. In 2017, Shefa et al. developed TOCN-silk fibroin
scaffolds for wound healing application. The result revealed that TOCN-silk fibroin has
good cell proliferation and attachment of L929 primary fibroblast cells. In vivo evaluation
with rat skin showed that the TOCN-silk fibroin scaffolds promoted wound healing in the
presence of biological markers [65]. In addition, TOCN also shows that they have long-term
biocompatibility profile compared to CNC and CNF[66]. Due to these advantages, TOCN
is believed to be a promising material as an effective adsorbent to specific protein

considering their high content of carboxylate groups, negative charge, and good

biocompatible.
Table 1.2. Application of TOCN as adsorbent
TOCN as adsorbent
Form Adsorbate Remarks or composite with  Ref.
Nanofiber Cu (I), Zn (I1), - [67,68]

and.Paraquat cations
Carbon-aerogel Oil and organic solvent Carbonized TOCN aerogel [69]

Hydrogel Oil, As(I1I) and Composite to cationic guar [69,70]

methylene blue (MB) gum or nanochitin

Aerogel Phenol, Cu (II), As(IlI) Composite to PAE* [60,70-72]
and MB TMPTAP®, PEI*. , and

nanochitin as crosslinker

Paper filter Cu (II) and brilliant Composite with CNF and [73,74]
blue dye TiO2

a Polyamide-epichlorohydrin
b Poly(hydroxyethylmethacyrlate-co-glycidylmethacryalte)
¢ Trimethylolpropane-tris-(2-methyl-1-aziridine) propionate
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1.5. Objectives and outline of the dissertation

Bearing in mind the many applications that require particles for the process of protein
adsorption, we aimed to synthesis of advanced adsorbent particles with the following

features:

(1) Good mass transfer

(2) Excellent adsorption capacity
(3) Easy to be handling

(4) Highly biocompatible

(5) Highly reusability

(6) Based on sustainable materials

Therefore, in this dissertation, we prepared TOCN décorated macroporous silica
particles through a spray process for protein adsorption applications to closely fulfill as
mentioned characteristics. At first, the macroporous particle within micrometer-sized was
prepared as supporting materials to fulfill the 1st and 3rd criteria. Second, TOCN was used
to satisfy the rest characteristics. We expect the combination of macroporous particle and
TOCN networks will generate abundant adsorption sites with highly open macro-
mesoporous structures for the fast and high adsorption performance. Several parameters in
the process of synthesis and adsorption performance have been carried out to investigate the
effectiveness of the combination of TOCN and macropore particles on protein adsorption

and to understand whether the driving factors in the adsorption process.

At first, we synthesize the micrometer-sized macroporous particles with template
selection to get a cost-efficient template without decreases specific surface area, as
described later in Chapter 2. Carbon materials were chosen as the host material in the initial
process to compare the effectiveness of the polymer particle template. The synthesis of
macroporous carbon particles was prepared through poly (methyl methacrylate) (PMMA)
templating in the spray pyrolysis process. The concentration and particle size of PMMA
were varied to evaluate the formation of porous structures, and its characteristics are then

compared with those produced through polystyrene latex (PSL) templating.

Chapter 3 describes the synthesis of TOCN decorated macroporous SiO>
(TOCN@macroporous Si0O2) particles and their protein adsorption performance.

Macroporous silica particles were prepared from colloidal nanoparticles of silica to produce
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macro-mesoporous particles via PMMA templating in the spray pyrolysis process. After
that, TOCN was loaded on macroporous particles in a different weight ratio to understand
how effective the combination of these two components as well as to obtain the optimum

conditions for the adsorption.

In Chapter 4, the macropore size of silica particles was adjusted to understand how
TOCN depositions decorate the macropore structure. The results show that the pore size
corresponding to the length of TOCN can affect the deposition of TOCN either to the
external surface or penetrate the pores. In addition, the adsorption kinetics, thermodynamics,

and isothermal parameters studied to analyze the mechanism of protein adsorption.

General conclusions of all topics are listed in Chapter 5.
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Chapter 2
Preparation of macroporous particles via PMMA
templating in spray pyrolysis

2.1 Introduction

The precise control of porous structures has increasingly attracted the attention of
researchers in past decades.[1-3] Porous materials have unique properties that are
anticipated to be useful for many applications such as adsorption and separation, electrodes
of Li ion batteries, drug delivery, and catalysis.[4—12] The templating method has been
widely used for the production of porous particles.[13] This method enables easy control of
the pore size and pore structure depending on the characteristics of the used template.
However, template selection is a critical factor in the production of porous particles. The
chosen template should not only enable the formation of the desired pore structure with

ordered porous structure but also be economical and support a green production process.

Our group has reported investigations on the synthesis of porous particles using
polystyrene latex (PSL) as the template through a spray pyrolysis process.[14—17] PSL is
versatile and has been proven to be effective for the synthesis of various nanostructured
particles, especially macroporous and hollow structured particles.[17-20] Although PSL
decomposes at elevated temperatures, the removal of PSL by thermal decomposition leaves
a residue of approximately 22.4% of its initial weight.[21] This residue is unfavourable for
the production of nanostructured particles, as it potentially blocks the formation
of micropores and mesopores. The disappearance of micropores and mesopores decreases
the surface area, which constricts the performance of macroprous particles in its application.
In addition, this residue leads to the drawback of a decrease of the material purity. Therefore,
it 1s highly desirable to synthesize a macroporous particle that is template residue free and

has a high surface area with an appropriate template selection.

A promising alternative template is poly(methyl methacrylate) (PMMA). PMMA is
as versatile as PSL, with at least two advantages that distinguish it from PSL. First, the
decomposition temperature of PSL is higher than that of PMMA, which allows for a
complete decomposition of PMMA in a process involving a rapid reaction, such as spray

pyrolysis. Second, there is a low residual amount after a complete decomposition. PMMA
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can maintain a high surface area because the low amount of residue will not block the
micropore and mesopore formation. In addition to these advantages, which are attributed to
its chemical characteristics, PMMA offers a significant economic advantage owing to its
economical price. PMMA is cost-effective, which will potentially be more profitable on the

industrial scale.[22]

Thus, in this chapter, macroporous carbon particles were chosen to be prepared to
systemically observe the advantages of another template selection in preparation of ordered
macroporous particles. Since macroporous carbon possess high amount of micro-
mesoporous structure, the effect of residual template will clearly affect the interconnected
channel and surface area of this material. Although PMMA has been used for films,
monoliths, and foam materials preparation, there have been no reports on the synthesis of
porous particles, especially carbon particles, using PMMA as the template in a spray
pyrolysis process.[2,6,7,12,21,23,24]. Hence, we aimed the production of ordered
macroporous structure of carbon particles with relative-exceptionally high surface area using
PMMA as the template through a one-pot facile spray pyrolysis process. In addition, energy
consumption for template decomposition and the properties of macoporous carbon particle
obtained using a PMMA template was compared to that using PSL template with same

carbon precursor, that is, a phenolic resin.

2.2 Experimental

2.2.1. Synthesis of Macroporous Carbon Particles.

Macroporous carbon particles were produced by an aqueous precursor solution
containing phenolic resin (PR, 50 wt.%, Sumitomo Bakelite Co., Ltd., Tokyo, Japan) as the
carbon source, polymethyl methacrylate (PMMA, Sekisui Plastics Co., Ltd., Tokyo, Japan)
as the template and ultrapure water as the dispersant media. The concentration of PR in the
precursor was set as high as 0.25 wt.%. Three sizes of PMMA particles (PMMA (A): 108
nm, PMMA (B): 306 nm, and PMMA (C): 503 nm) were used in this study. PMMA was
used in various weight ratios of 6, 7, and 8 to PR. The aqueous precursor was then sonicated
by an ultrasonic device (IKA, T 10 basic ULTRA-TURRAX S004) with a speed rotation of
25 600 rpm for 1 h to ensure dispersion of PMMA. Then, the precursor was put into an
ultrasonic nebulizer (0.8 MHz, NE-U17, Omron Healthcare Co., Ltd., Kyoto, Japan) with a
circulation system. The precursor was sprayed through a tubular furnace with four stacked
temperature zones set to 150, 350, 1000, and 1000 °C. The produced particles were collected
by filter paper that was placed on the top of the furnace using N> gas (0.8 L/min). The filter
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was maintained at 150 °C to avoid water condensation. Details of the spray pyrolysis

experiment setup is shown in Figure 2.1.

2.2.2. Characterization.

Scanning electron microscopy (SEM) (S-5000, Hitachi Ltd., Tokyo, Japan) and
transmission electron microscopy (TEM; JEM-2010, 200 kV, JEOL, Tokyo, Japan) were
used to investigate the morphologies of the products. Dynamic light scattering (DLS) with a
ZS nanoanalyzer (Malvern Instrument Inc., London, U.K.) was used to examine the size
distribution and zeta ({) potential of the PMMA particles. Thermogravimetric analysis
(TGA-50/50H, Shimadzu Corp., Kyoto, Japan) was used to determine the temperature for
the PMMA removal. The surface areas were determined quantitatively by N> adsorption-
desorption (BELSORP-max, BEL Japan, Osaka, Japan) using the Brunauer-Emmett-Teller
(BET) method, the pore distribution was determined by the Barrett-Joyner Halenda (BJH)

method, and the size of micropore was determined by the Horvath-Kawazoe method.
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Figure 2.1. Schematic diagram of experimental apparatus
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2.3 Results and Discussion

2.3.1 Synthesis of macroporous carbon particles using PMMA template particles

Figure 2.2. SEM image of a) PMMA (4); b) PMMA (B); and c) PMMA (C)

Figure 2.2 shows SEM images of the three sizes of PMMA particles used in this
study. All PMMA particles exhibited a spherical shape. The sizes and { potentials of the
PMMA particles are shown in Table 2.1. The average sizes of the PMMA particles were
108, 305, and 503 nm for PMMA(A), PMMA(B), and PMMA(C), respectively. As shown
in Table 2.1, the deviation percentage (o) of the particle size was below 5%, which meant a
uniform size. Considering that the pore size of the final carbon product is highly dependent
on the template size, the uniformity of PMMA becomes important. The uniform size of
PMMA particles also indicated a good dispersion in the precursor system. PMMA(A),
PMMA(B), and PMMA(C) each had a negative charge, that is, -34, -24, and -39 mV,
respectively. As reported previously,[14,15] a negatively charged template will produce
porous carbon particles in a spray pyrolysis system with PR as the carbon source. The
negative charge of the precursors causes both sets of particles to repel each other and leads
them to be independently distributed in the droplet.[16]

Table 2.1. Size and zeta potential of the PMMA particles and PR

Precursor Name Diameter (nm) + ¢ (%) Zeta Potential (mV)
PMMA (A) 108 £4.2 -34
PMMA (B) 306 £3.4 -24
PMMA (C) 503+ 1.9 -39
PR - -40
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Ratios of PMMA/PR

Figure 2.3. SEM analysis of porous carbon particles with various ratios of PMMA/PR: a,
d) 6, b,e)7; c f) 8 TEM images of carbon particles prepared using various ratios of
PMMA/PR: g) 6; h) 7, 1) 8,

At first, the ratio of PMMA/PR was varied to control the porous structure (Figure
2.3). The morphology results of the PMMA/ PR ratios of 6-8 are shown in Figure 2.3a-f. By
increasing the PMMA/PR ratio, the structures of carbon particles gradually changed, as
shown in detail in Figure 2.3d-f. At a low PMMA/PR ratio, the pores formed only on the
surface of the particle (Figure 2.3d). Increasing the PMMA concentration increased the
number of templates in the droplet which later transformed into pores. The pores were not
only present on the surface, but also inside the particle (Figure 2.3e and f). This phenomenon
was caused by the self-assembly of the precursor in the droplet. When the droplets shrank
isotropically, the temperature gradient between the droplet center and surface during droplet
evaporation triggered the PMMA particles to move toward the droplet surface and be
stabilized thereon.[25] Therefore, PMMA particles tended to assemble only on the surface

at a low PMMA concentration. When the PMMA concentration was increased, the number
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of PMMA particles in the droplets increased. Owing to the space constraint on the surface,
some of the PMMA particles filled the inner layer toward the droplet core. The TEM images
in Figure 2.3g-i confirmed that the addition of PMMA led to the formation of highly ordered
porous structures inside the porous carbon particle. In addition to increasing the number of
pores, the skeleton size decreased. When the number of templates in the droplet was above
some critical value, the space between template particles became frustrated, which led to a
collapse. In this research, the porous carbon particle started to collapse when the mass ratio
of PMMA/PR reached 8 and was entirely broken when the ratio was further increased to 16.

After that, PMMA/PR ratio 6 was chosen as the condition to investigate the effect of
different size of PMMA particles (Figure 2.4a-c). Overall, the carbon particle was spherical
in shape with a porous morphology. The TEM and SEM images revealed the porous structure
on the surface of and inside the carbon particle. This morphology was similar to the results
from our previous works which used PSL particles as the template.[10,14—16] Increasing the
size of the template increased the pore size but decreased the number of pores. Even so, as
indicated in Figure 2.4, the average pore sizes were different from the sizes of the PMMA
particles. The average pore sizes using PMMA(A), PMMA(B), and PMMA(C) were 55, 194,
and 370 nm, which implied a shrinkage from the initial size of PMMA by 45, 35, and 26%,

respectively.

Dmacropcre :370 nm
Shrinkage: 26%

Dmacropore . 55 nm
Shrinkage: 45%

Dmacropore ©194 nm
Shrinkage: 35%

Figure 2.4. SEM and TEM images of porous carbon particles prepared using a) PMMA
(4); b) PMMA (B); c) PMMA (C) at ratio of PMMA/PR is 6 with same mass concentration
of PR and PMMA. d) Average pore size of porous carbon particles by different size of
PMMA.

2.3.2 Comparison of macroporous carbon particles via PMMA and PSL templating

PMMA particles were used in this study due to their earlier decomposition compared
to PSL. Thus, to investigate the characteristics of PMMA and to determine the reaction
temperature of the furnace in the pyrolysis process, thermogravimetric analysis (TGA) was
conducted on the samples of PR, PMMA, and the PR-PMMA blend with a mass ratio of 1:6
(Figure 2.5a). The starting material for the TG analysis, of which the result is provided in
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Figure 2.5a, was prepared via spray drying in 180 °C to promote self-assembly. Therefore,
the results of TG analysis could closely represent the actual condition in the spray pyrolysis
process. In the PR curve, the PR lost its weight owing to the decomposition which released
various gases (CO, CO2, CH4, Hz and H>0)[26] as shown in the steep slope in the temperature
range 20-500 °C. After that, the weight of PR became relatively stable, as shown by the

gentle slope, because carbonization had already started.[10]
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Figure 2.5. a) TGA thermogram of PR; PMMA; and PR-PMMA blend in N> atmosphere
with heating rate 10°C/min. b) TGA thermogram of PMMA and PSL

Previously, Malhotra et al. explained that longer PMMA chains depolymerize first at
low temperatures, followed by the shorter chains at higher temperature.[27] Recent research
has divided the decomposition of PMMA into steps. According to the TGA curve of PMMA
samples (Figure 2.5a, red curve), there are three steps in the weight loss. The weight loss
trend of pure PMMA was similar to that reported previously.[28] The first step was a gradual
weight loss below 220 °C (number 1 in Figure 2.5a) arising from the initiation of radical
transfer to the unsaturated chain ends. The second step was a weight loss of PMMA in the
temperature range from 220 to 340 °C, marked as number 2 in Figure 2.5a. In this
temperature range, the PMMA became thermally unstable, which increased the
decomposition rate. The weight loss in this step was the result of main chain scission arising
from H-H bonds and radical transfer to unsaturated ends. Decomposition of the main chain
scission reaction is generally expected as a first-order reaction. The last step was homolytic
scission of a methoxycarbonyl side group at temperatures of 340 °C and above, which
resulted in a small weight loss indicated by number 3 in Figure 2.5a. This was a zero-order
reaction to form low molecular weight compounds.[29] The decomposition process was
completed at 450 °C, which was indicated by the constant weight. The remaining weight was

less than 2%, or half of the residue from the PSL decomposition at the same heating rate
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(Figure 2.5b). In the case of PSL, the decomposition occurred in one step, which was a first-
order reaction.[30,31] Meanwhile, the PMMA decomposition was a combination of first-
and zero-order reactions. The combination with a zero-order reaction makes the overall
activation energy of PMMA lower than that of PSL.[29,32] Furthermore, a PMMA particle
has a lower decomposition temperature. The lower activation energy and lower
decomposition temperature increased the opportunity for complete decomposition in a
process where the temperature is elevated within a short residence time. These characteristics
indicated that PMMA could be a good template for particle synthesis using spray pyrolysis.
Comparison of the thermograms between the PR-PMMA blend and pure PMMA revealed
that the starting temperature of the PR-PMMA blend decomposition was significantly shifted
from that of pure PMMA. This shift indicated a self-organization between PMMA and the

PR network.
Phenolic Resin  PMMA WaterEvaporatlon PMMA Pore
Droplet, - BN Decompogsition Shrinkage
Water Evaporation, Template .
Droplet PR crosslinking, & decomposition & PR Curing & Porous

Self-assembly PR curing carbonization carbon

Figure 2.6. Porous particle formation mechanism using PMMA template.

Many factors affect the resultant particle morphology in spray pyrolysis. They
include thermodynamic stabilities, hydrodynamic stabilities, and the self-assembly of the
precursors in the droplet.[27,28] Based on the similar morphology of the produced porous
carbon particle,[10] we predicted the particle formation mechanism using the PMMA and
PSL templates to be approximately the same. As described in Figure 2.6, porous carbon
particles were formed through four steps: (i) water evaporation, (ii) PR cross-linking and
self-assembly, (ii1) PMMA template decomposition and PR curing, and (iv) carbonization.
The self-assembly step involved water evaporation simultaneously with the colloidal
assembly of PR- PMMA in the droplet. The droplet shrank owing to the evaporation of water.
An attractive force among the solid PMMA particles was then initiated because of the water
evaporation. However, they remained independently distributed because of the stabilization
by the repulsive force from negatively charged PR, which filled the space between PMMA

particles, and from other PMMA particles. Then, phenol oligomers were cross-linked as the
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water was continuously evaporated. Along with a temperature increment, PMMA
decomposition took place simultaneously with the curing process. However, unlike PSL
decomposition, which is complete after the curing process, the PMMA decomposition was
completed earlier than the curing process. Completion of the curing process and PMMA
decomposition transformed the droplet into a porous PR particle. As the curing process
continued, the pores left by PMMA particles shrank along with the particle shrinkage. This
implied that the presence of the pore in the curing process increased the possibility of pore
size shrinkage in the final product. Therefore, when the small size of PMMA was used as the
template, the parts of the skeleton that contained many pores experienced a higher shrinkage
in the curing process, which resulted in greater pore shrinkage as shown in Figure 2.4. The
pore size further shrank after the carbonization process by elevating the temperature under a
nitrogen atmosphere.

Table 2.2. Energy consumption in decomposition process

Sensible Heat (kJ/kg) Activation Energy (kJ/mol) Total (kJ/mol)

PMMA 2717 129 406

PSL 390 212 602

From the commercial perspective, there was a considerable impetus to develop the
porous carbon particle with an economical production process. Considering that the energy
consumption determines the economy of production, Table 2.2 compares the energy
consumption of PSL and PMMA decomposition. The energy consumption was calculated
based on TGA data (Figure 2.5b). In the decomposition process, the total energy
consumption was approximated by two parameters, that is, sensible heat and activation
energy of the decomposition process. The sensible heat was calculated by Newton’s law of
heating, within the temperature ranges of 25-220 °C and 25-345 °C for PMMA and PSL,
respectively. The activation energy for the decomposition was calculated using Arrhenius’s
law by assuming the decomposition as a first-order reaction. As shown in Table 2.2, the
results showed that the sensible heat of PMMA was lower than that of PSL because of the
lower decomposition temperature. The activation energy of PMMA was also lower than that
of PSL. This result is in good agreement with previous work by Cheng et al.,[31] which
implied that the decomposition of PMMA occurred earlier than that of PSL. Overall, the
energy required for PMMA decomposition was 32% lower than that for PSL.

The specific surface area values calculated using the BET equation for the dense and

porous carbon particles using PMMA(A) and PMMA(B) are 361, 172, and 142 m?/g,
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respectively. The high surface area of the dense carbon is contributed by the micropores
present in the carbon structure, as evidenced by the type II isotherm and form no hysteresis
(Figure 2.7a), showing a high adsorption capacity at a relative pressure lower than 0.1P/Po.
At low relative pressures (<0.1), dense carbon particles adsorbed a higher quantity of gas
(N2) compared to those of porous carbons of PMMA(A) and PMMA(B). The results implied

that increasing the size of PMMA decreased the formation of micropore in the skeleton.
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Figure 2.7. a) N> -adsorption-desorption. b) Pore size distribution from Barrett-Joyner-
Halenda (BJH) desorption analysis of carbon particles. c) Pore size distribution and d) t-
plot measumenet of porous carbon using PMMA and PSL template

Table 2.3 Specific surface area of macroporous carbon particles

Template SSAgeT (1’1’12/ g) Smicro (mz/ g) Smeso (mz/ g) Smacro (mZ/ g)
PMMA 172 41.9 58.8 71.3
PSL 70 2.7 27.1 40.2
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A steep slope was observed in the region of high relative pressure (>0.9P/Po) in the
adsorbed nitrogen volume of porous carbon particle, which indicated the existence of a high
volume of macropores. Porous carbon particle shows that type IV isotherm with N> loop
hysteresis above P/Po ~ 0.9 arose from the presence of mesopores. Utilization PMMA(A)
shows type H2 hysteresis which means disordered and wide size distribution of pores, and
PMMA(B) shows type H3 hysteresis which indicates slit-shaped pores or a lot of space
between parallel plates was detected. These results indicated that the porous carbon particle
using PMMA(A) and PMMA(B) contained a micropore, mesopore, and macropore. The
distribution of pore size from 2 to 100 nm was calculated using the Barrett-Joyner-Halenda
method, as shown in Figure 2.7b. The average sizes of the macropores are 55 nm for
PMMA(A) and 194 nm for PMMA(B) derived porous carbon. The mesopore size was
approximately 2.4 nm for all types of carbon particles. The number of mesopores increased
along with the increase in size of PMMA. The formation of mesopores is attributed to the
release of gas during PMMA decomposition and phenolic resin carbonization. Meanwhile,
the average sizes of the micropore were 0.6 and 0.8 nm for dense and porous carbon particles,
respectively, as calculated by the Horvath-Kawazoe method. However, the specific surface
area of porous carbon particle in this research was higher than that from our previous research
in the production of a porous carbon particle using PSL,[15] in which the specific surface
area (SSAger) was 70 m*/g with the dominating mesopore size of 2.8 nm (Figure 2.7¢). The
high surface area arose from the presence of a lower size of the micropore and mesopore and
had a higher intensity than that using PSL (Table 2.3). In the pyrolysis process using PMMA
as the template, the decomposition process of PMMA occurred earlier than that with PSL.
Because the decomposition of PMMA coincided with the curing of PR, the curing stabilized
the small pores formed by the released volatile gas. We determined that the micropore
surface area was 94 (m?/g) from the t-plot method, which was 57.3% of the total BET surface

area. This indicated that the micropore donated a significant portion of the surface area.

24  Conclusion

Porous carbon particles have been synthesized from PR by spray pyrolysis using
PMMA as the template. The low decomposition temperature (300 °C) and low residue left
by PMMA in the decomposition process renders them effective as a template for particle
synthesis using spray pyrolysis. The size of the PMMA particle affected the thickness of the

porous carbon particle skeleton because of the different PR-PMMA interaction force during
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self-assembly. Increasing the mass ratio of PMMA to PR had little effect on the size of
porous carbon particle. The morphologies of the resultant carbon particles were the same as
those obtained using the PSL template. Despite having the same morphology, the PMMA
template produced a higher number of micropores and mesopores with sizes of 0.8 and 2.4
nm, respectively. These small pores contributed to a specific surface area of 172 m*/g, which
was double that of the carbon particles produced from the same carbon precursor using a
PSL template. The low decomposition energy of PMMA, which was 32% lower than that
for PSL, suggests a large potential for the use of PMMA in the scaled-up production of a

porous material.
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Chapter 3
TOCN decorated macroporous silica particles:
Synthesis, characterization, and protein adsorption

performance

3.1 Introduction

Research on protein adsorption has attracted considerable attention in recent years
due to promising developments in diverse biomedical applications, such as separation,
purification, biosensor analysis, immobilization of protein and biomolecules delivery [1-3].
The mechanism of protein adsorption on the solid surface of an adsorbent is driven by the
combinative forces of electrostatic, chemical interactions, and van der Waals interaction [4—
6]. The choice of the adsorbent material is the most important in controlling protein
adsorption properties.

Cellulose nanofiber (CNF) is a commonly used material in membrane
chromatography and filtration for being chemically resistant and inexpensive and possessing
a high surface area, and good non-specific binding properties [7-9]. However, to enhance
affinity toward specific protein, cellulose must be modified to exhibit acidic functional
groups via the oxidation of the hydroxyl group of cellulose. Saito et al. [10,11] had developed
the system of oxidation of cellulose with 2,2,6,6-tetramethylpiperidine -1-oxyl radical
(TEMPO) with hypochlorite and bromide to convert the C6 primary hydroxyl group to a
carboxylate group. TEMPO-oxidized cellulose nanofibers (TOCN) are a promising
nanomaterial because of various advantages. First, TOCN has a homogeneous width of ~3
nm and a high aspect ratio (>150). Second, TOCN contains rich carboxyl that leads to a
highly-negative charge [12—14]. The negative charge of TOCN in water causes electrostatic
repulsion between TOCN, which leads to good dispersion in the wet state. In addition, with
the carboxylate groups, TOCN is expected to exhibit a high affinity toward positively-
charged compounds. Previous studies on TOCN showed significantly high adsorption for
heavy metal ions [15,16]. Even so, there is no research regarding the utilization of TOCN,
especially in the particle form as a protein adsorbent material. TOCN is believed to be an
effective adsorbent to specific protein considering their high content of carboxylate groups

and negative charge.
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For use as an adsorbent, highly-dispersed TOCN would be desired even in the dried
state. However, TOCN is easily aggregated in a drying process at elevated temperature.
Aggregation between CNF occurs through diffusion forces and hydrogen bond formation
[17]. Zheng et al. (2019) prepared a dried-state TOCN particle using a spray drying technique
for hydrophobic materials [18]. A large amount of TOCN aggregates towards the droplet
core with shrinkage during the rapid drying process, which leads to a dense morphology.
This dense morphology decreases the surface area and porosity and significantly degrades
the performance of adsorption capacity. Therefore, the preparation of TOCN particles that
maintain their high surface area is challenging. Hence, in this chapter, we focus on low
TOCN loading on a macroporous SiO> particle, which is predicted to prevent aggregation
and shrinkage of TOCN in the drying process and maintain the pore site between negatively-

charged TOCN.

Macroporous
SiO, particle (CSi0)

é( Lysozyme

Highly negative charge # 4

TOCN decorated Rich site of electrostatic mteractlon

Macroporous SiO, Particle

( . TEMPO-oxidized cellulose
nanofiber (TOCN)
®  Negative charge from TOCN
® Negative charge from SiO,

Figure 3.1. Schematic illustration of a TOCN-decorated macroporous SiO: particle

Figure 3.1 shows the concept of this research. Another important aspect of the
proposed concept in this study is the utilization of a macroporous structure of SiO; particles
as a support particle for loading TOCN. Classified as a “generally regarded as safe” (GRAS)
agent by the U.S. Food And Drug Administration (FDA), silica is an ideal candidate material
for biomedical fields [19]. The macroporous structure gives a promising superiority

compared to the mesoporous structure such as better permeability, better mass transfer
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diffusion, better intraparticle effective diffusivity, lower column back pressure, and more
regular flow regime in static bed column [20-22]. Therefore, in this study, we prepared
TOCN decorated macroporous SiO> (TOCN@macroporous Si0O») particles, as shown in
Figure 3.1. We expect the presence of macroporous SiO; prevent aggregation of TOCN and
facilitate penetration of fluid to contact TOCN by passing through the interconnected pores,
which leads to an improvement of adsorption performance.

The adsorption performance was examined by evaluating the interactions between
TOCN@macroporous SiO» particles and lysozyme. Lysozyme was used as a model
adsorption protein due to its beneficial use in alcoholic fermentation, as a fining agent to
remove excess tannins, classified as a hidden allergen, and availability in body fluids or food
matrices [23,24]. Their adsorption performance was compared with the pure TOCN particle

and commercial cellulose beads.

3.2 Experimental

3.2.1. Preparation of the TOCN@macroporous SiO; particles.

The preparation of TOCN@macroporous SiO; particles consists of two steps as
shown schematically in Figure 3.2. Preparation of the macroporous SiO; particles (CSi0).
Macroporous silica particles were produced in accordance with previous chapter using silica
nanoparticles (Nissan Chemical Ind. Ltd., particle size around 5 nm) and 503-nm diameter
polymethyl methacrylate (PMMA, Sekisui Plastics Co., Ltd., Tokyo, Japan) as the template.
An aqueous silica solution containing 12 wt.% silica nanoparticles were added to the PMMA
particles at a mass ratio of 1:2 (silica:PMMA). The silica concentration in the precursor was
adjusted to as high as 2 wt.% by adding ultrapure water; the solution was then sonicated for
1 hour. The precursor was sprayed using an ultrasonic nebulizer with N2 (I mL/min) as the
carrier gas through a tubular furnace with four stacked temperature zones set to 150, 350,
500, and 500°C. CSi0 was collected using a paper filter that was maintained at 150°C to
prevent water condensation.

The synthesis of TOCN decorated CSi0 particles was started with the surface
modification of CSi0 using poly(diallyldimethylammonium chloride) (PDDA, 20 wt.% in
water, MW = 100.000-200.000, Sigma—Aldrich) to change the surface charge from negative
to positive. 50 mg CSi0 was dispersed in 100 mL of a 1 wt.% PDDA solution by stirring for
30 minutes at room temperature, followed by centrifugation at 8000 rpm for 5 minutes. The
positively charged CSi0 (CSi0OM) was washed twice with ultrapure water to remove excess

PDDA. In other hand, an aqueous solution of TOCN was prepared through a dispersion of 2
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wt.% TOCN (DKS Co., Ltd., Japan) in ultrapure water to reach 0.1 wt.% under 5 minutes of
pre-stirring for at room temperature, then followed by stirring and heating at 80°C for 5
minutes in a microwave. CSiOM was poured into an aqueous solution of TOCN in different
mass ratios (TOCN/Si0; = 0 4) and stirred for 2 hours at 50°C and 800 rpm. The TOCN-
CSiOM solution was dried using spray drying at 180°C.

[Step 1: Preparation of Macroporous SiO, Particles (CSi0)

Si0, 150°C 300°C 500°C 500°C
./ 5nnm { 3 2 H = =

.'3".. » .
- (Y

. .O.-.'.. = e’
c ==

“PMMA

503 nm

template

[Step 2: Synthesis of TOCN Decorated CSi0 Particles

Si0, TOCN ‘
Water PDDA Water [+ &

N sio; -17‘- n %
- sio,’ . -

Stirring Rinsed & washing  Stirring & Heating Spray Drying

PDDA : cationic poly (diallyldimethylammonium chloride)
* Modified silica particle

Figure 3.2. Schematic of the synthesis of TOCN@macroporous SiO: particles

Pure TOCN particle and commercial cellulose beads (Cfine, Cellufine™, JNC
Corporation, Tokyo, Japan) were used as reference materials for performance comparison.
Each pure TOCN and the Cfine material was diluted in ultrapure water then sprayed using

spray drying in the same condition as the other samples.

3.2.2 Characterization of the TOCN@macroporous SiO2 particles

The particle morphology was observed using scanning electron microscopy (SEM)
(S-5000, Hitachi Ltd., Tokyo, Japan) at 3.0-20 kV, under a nitrogen atmosphere. The
particles were prepared by dispersing in ethanol before being pipetted dropwise onto an
aluminum plate and subjected to heating at 40 °C. Thereafter, the dispersed particles were
covered by a thin layer of sputtered platinum. The particle size distribution and C- potential
value were obtained by dynamic light scattering using a ZS nano analyzer (Malvern

Instrument Inc., London, U.K.) after dispersing 1 w/v% particles in the water for 30 min.
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Thermogravimetric analysis (TGA-50/50H, Shimadzu Corp, Kyoto, Japan) was used to
determine the loading amount of TOCN in the TOCN@macroporous SiO> particle. The N>
adsorption/desorption isotherms (BELSORP-max, BEL Japan, Osaka, Japan) were measured
after preheating the samples at 180 °C for 3 hr. The SSA was determined quantitatively using
the Brunauer-Emmett-Teller model. The pore size distribution was established using the

Barrett-Joyner-Halenda model.

3.2.3 Adsorption capacity of TOCN@macroporous SiO; particles

To investigate the adsorption capacity of the prepared adsorbent, lysozyme (MP
Biomedicals) was employed as model molecule. Aqueous lysozyme (with an isoelectric
point of 10.5) solutions with a concentration of 0.4 mg mL™! and a pH value of 7 were
prepared using phosphate buffer. To test the static adsorption performance, 10 mg of the as-
prepared adsorbents were immersed in 50 mL of the lysozyme aqueous solution. The mixed
solution was then stirred at room temperature for 2 hours. An approximately 5 mL sample
was withdrawn periodically then subjected to centrifugation (8000 rpm). The absorbance
intensity change of the supernatant was measured at 281 nm using a UV-Vis
spectrophotometer (UV-3150, Shimadzu, Japan) from 240 to 400 nm at room temperature.

The adsorption capacities of the all adsorbents were calculated by equation (3.1):

q = LGy G.1)
m

where Q. (mg/g) is the equilibrium adsorption capacity for lysozyme, Cyp and C; (mg/mL)
refer to the concentration of lysozyme before and after adsorption, respectively, V(50 mL)

is the volume of the solution, and m is the mass (0.005 g) of the adsorbent.

3.2.4 Reusability studies of the TOCN@macroporous SiO; particles

Reusability studies were conducted by chemically releasing the lysozyme from the
surface of the particle, as shown for 1 cycle in Figure 3.3. Lysozyme and the 5 mL buffer
solution were put in a flask, and 1 mg of a TOCN@macroporous SiO> particle was added
followed by stirring for 5 minutes. After centrifugation, the supernatant solution was
measured using UV-Vis at a wavelength of 281 nm for percentage adsorbed lysozyme (%C)
using following equation:

Co—C
%Cogs = % 100% (3.2)
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Figure 3.3. One cycle of adsorption-desorption capacity analysis procedure.

The desorption process was performed by adding 5 mL of NaOH (pH 11.5) to
disperse the precipitates again. After centrifugation, the supernatant was measured again to
get the concentration after desorption (C2). Percentage of desorption lysozyme was

calculated using following equation:

C,—C
%C gos = ("C—"') 100% (3.3)
X

Where Cx is the concentration of lysozyme on the adsorbent (Cy, — C;)

All of the experiments, including spray pyrolysis, adsorption performance, and
reusability test, were conducted three times. The average value was taken from three separate
sets of data. After centrifugation, remove 3 mL of the supernatant solution and measured

using UV-Vis at wavelength 281 nm
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3.3 Results and Discussion

3.3.1 Characteristics of TOCN@macroporous SiO; particles
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Figure 3.4. (a) FT- IR spectra of the step-wise preparation of the TOCN@macroporous
SiO; particles. (b) Change of {-potential before and after TOCN decoration. c) SEM
images of A) CSi0, B) CSiOM, and C) TOCN@CSiOM with 30% concentration of TOCN.
d)Zeta potential of CSi0 and CSiOM in effect of PDDA concentration.

TOCN decoration of the macroporous silica particle surface was confirmed by FTIR
spectral analysis and SEM images as shown in Figure 3.4. Figure 3.4a summarizes the FTIR
spectra of the CSi0, CSiOM, TOCN@CSi0M, and TOCN. CSi0 has three intense and
dominant peaks at 802, 968, and 1097 cm™! assigned to Si—O bending, Si—OH stretching, and
Si—O-Si stretching, respectively [25]. The FTIR features of CSiOM confirmed the emergence
of new, low-intensity peaks at 1472 cm™ (-CHz) and 1568 cm™! (C=C and C=N in-plane
vibration) that belonged to the characteristic bands of PDDA [26]. Even so, the morphology
of CSi0M was no different than CSi0 (Figure 3.4c) which also showed sphere particles with
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porous structure. However, the (-potential changed from -39 = 3 mV (CSi0) to +40 = 4 mV
(CSiOM). The change of surface charge of silica indicated the presence of PDDA on the
surface of silica (Figure 3.4b). The amount of PDDA loading was optimized through the
variation of PDDA/silica particle mass ratio(Figure 3.4d). The optimum condition reached
at the mass ratio of PDDA/silica particle is 2 with the mass loading of PDDA is 0.025 mg
PDDA/mg CSiOM. Since CSi0 has negative charge and PDDA has positive charge of
polyelectrolyte, PDDA can encase the CSi0 surface by electrostatic force and finally reverse
the surface charge [27]. After modification, TOCN successfully decorated the surfaces of the
CSiOM with low loading and good dispersion (Figure 3.4¢). Decoration of TOCN occurred
through the electrostatic interaction between positively charged PDDA and carboxyl group-
TOCN. Since there are a big gap of surface charge of positively-charged CSiOM (40 mV)
and the negatively-charged TOCN (-63 mV, dispersed TOCN in the water), we suspect there
is strong anion-cation interaction between them in TOCN@CSiOM. TOCN@CSiOM
indicates that the Si-O- band at 968 cm ™! was reduced in intensity and the characteristic
bands of PDDA at 1472 cm™ and 1568 cm™ were disappeared due to the decoration of the
TOCN. In addition, new absorption bands belonging to TOCN emerged. The wide range of
669 and 3352 cm ! was assigned to the stretching vibration of hydroxyl (-OH) groups.
Characteristic bands at 1034 cm™! correspond to C-O-C pyranose ring stretching vibration in
cellulose. The particular characteristic band of TOCN at 1606 cm ™! confirms the presence of
the carboxylate group [28]. These strong characteristic bands and the SEM image of
TOCN@CSi10M indicate that TOCN successfully decorated the surface of silica, and the
FTIR results suggest that TOCN@CSi0M exhibits similar characteristic peaks for TOCN.
Table 3.1. Sample name of the TOCN@macroporous SiO: particles

Sample Mass conc. in particle (%) ¢-potential
Name Size (um)*
Si02 TOCN (mV)

CSi0 100 - -39 1.51
CS130 70 30 -55 1.67
CSi50 50 50 -58 1.82
CSi80 40 80 -62 2.08
CSi100 - 100 -60 227

*) Dynamic Light Scattering
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The TOCN@macroporous SiO; particle was prepared with various TOCN mass
concentrations. The TOCN@macroporous SiO; particle containing 30% TOCN was named
CSi30, and so on for 50%, 80%, and 100% TOCN as listed in Table 3.1. The effect of the
TOCN concentration on the {-potential, particle size, and morphology were investigated. The
{-potential data of all prepared samples were negative. CSi0 has the smallest particle size
and lowest negative {-potential. The negative charge of CSi0 is owing to the silanol group.
TOCN has a highly-negative charge due to the carboxylic group. Increasing the TOCN
concentration increases the particle size slightly and increases the negative value of (-
potential significantly closer to that of pure TOCN, indicating that a slight increase in particle
size was caused by higher loading of TOCN on the surface so that the {-potential is closer to
pure TOCN. Despite the TOCN loading of up to half of the pure TOCN concentration, the
C-potential is highly negative. Interestingly, the CSi80 exhibited the most negative charges
among the samples. The negative charge of CSi80 could be attributed to the presence of

carboxyl and silanol groups (Figure 3.5).

% Transmittance

CSi100

0 1000 2000 3000 4000
Wavenumber (cm-1)

Figure 3.5. FTIR spectra of CSi30, CSi50, CSi80, CSil00, and Cfine.

The morphologies of the TOCN@macroporous SiO> particles in various
concentrations were observed by SEM, as shown in Figure 3.6. From Figure 3.6a, CSi0 was
sphere particles with 500 nm diameter of surface macropores. The addition of TOCN causes
the surface of the macroporous particles to be covered by a thin layer of fibers, as shown in
Figure 3.6b. Increasing the amount of TOCN loading increases the thickness of the fibers,

reduces the site of the open silica macropores (Figure 3.6b-d), and increases the particle size
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(Table 3.1). In contrast to the TOCN@macroporous SiO> particle with low loading of
TOCN, CSi80 particles had a rougher surface structure (Figure 3.6d inset). The rough
structure was due to well-packed TOCN that produced dense grooves and a wrinkled surface.
This morphology is similar to CSi100, which had a rough surface but more wrinkles (Figure
3.6e). CSi100 consisted of an irregular sphere with a concave and wrinkled morphology due
to rearranging of TOCN inside the droplet, then rapid shrinking with the drying process. The
TOCN@macroporous SiO> particle maintained their round shape because porous silica
prevents TOCN from undergoing reconstruction during the evaporation process. The
commercial cellulose bead (Cfine) had a spherical form (Figure 3.6f) with particle size

greater than 30 pm and a (-potential of -56 mV.
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Figure 3.6. SEM images of the TOCN@macroporous SiO; particles in various
concentrations of TOCN; (a) CSi0, (b) CSi30, (c) CSi50, (d) CSi80, and (e) CSil00.

(f) Commercial cellulose Cfine bead as a comparison sample.

3.3.2 Protein adsorption performances of TOCN@macroporous SiO: particles

A highly-negative zeta potential makes TOCN@macroporous SiO; particles a
suitable agent to interact with positively-charged groups of compounds or materials. Here,
we used lysozyme as a model protein to investigate the adsorption properties of

TOCN@macroporous SiO; particles for positive proteins. The isoelectric point (pI) of the
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lysozyme used in this study was 10.5, indicating it was positively charged at pH < 10.5.
Thus, adsorption (ion-exchange) of lysozyme to the TOCN@macroporous SiO» particle is
possible by electrostatic interaction. In addition, there are possibilities of chemical
interactions between carboxyl groups of the TOCN@macroporous SiO; particle with the

functional amino acid group of lysozymes through amide binding [29].
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Figure 3.7 Adsorption capacities for lysozyme at 2 h and (-potential of the samples at pH
7 and room temperature (23-25°C)

Figure 3.7 shows the lysozyme adsorption capacity with different
TOCN@macroporous SiO; particles and Cfine as adsorbent at an initial lysozyme
concentration of 0.4 mg mL™'. The adsorbent concentration was 0.2 mg mL™!. The maximum
amount of lysozyme adsorbed at the equilibrium of the TOCN@macroporous SiO» particles
reached 93.5% using CSi80, and the minimum amount reached 0.6% using CSiOM as the
adsorbent. The adsorption capacities of lysozyme decrease sharply with decreasing
concentration of TOCN. It is suggested that at lower TOCN concentrations, the interactions
between TOCN@macroporous SiO: particle and lysozyme is not very strong. The maximum
amount of lysozyme adsorbed at the equilibrium of Cfine was 1046 mg g!, which is less
than CSi50 (1170 mg g ). Despite Cfine consisting of rich carboxymethyl groups [30], the
negative {-potential of Cfine (-56 mV) is less than CSi50 (-58 mV). The better adsorption
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capacity of CSi80 is in exceptionally good agreement with existing {-potential results. As
comparison, CSiOM that has positive charge has the lowest adsorption capacities of
lysozyme. The value of zeta potential plays a central role in effectively seizing the positively
charged of lysozyme to negatively charged TOCN-Silica. In this case, the electrostatic
interaction may play the most important role in enhancing the protein adsorption capacity of
appropriate functional groups.

The mechanism of adsorption of lysozyme by the TOCN@macroporous SiO> particle
was confirmed using adsorption kinetic fitting, as shown in Table 3.2. To understand the
rate-controlling processes, pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic
models were adapted to fit the experimental data and to investigate the adsorption kinetics
of lysozyme onto the as-prepared adsorbents in this work. The PFO and PSO models are
expressed below[31]:

i. PFO

Qr = Qes (1 —e7%) (3.4)

The linear equation of equation (3.2) becomes:

m(Qe — Q) =In(Qeq) — kqt (3.5)
ii. PSO
_ kQst
Q= 170t ,Qut (3. 6)

The linear equation of equation (3.4) becomes:

t 1 t

0 K, QW 37

where Q¢ (mg/g) is the adsorption uptake as a function of time. From plotting In (Qe—0Qf¢) vs
t for PFO, the value of Qe; (equilibrium adsorption capacity of the PFO model, mg/g) can
be calculated from the intercept, and k; (PFO rate constant, min') can be calculated from the
slope value. For PSO, the Qe> parameter (equilibrium adsorption capacity of the PSO model,
mg/g) and k» (PSO rate constant models, g/mg-min) can be calculated from plotting #/Qt vs
t.

Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models were

adapted to fit the experimental data and investigate the adsorption kinetics of molecular
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protein on the TOCN@macroporous SiO: particle synthesized in this work. The Q.. values
determined with the PSO model agreed very well with the experimental adsorption capacity
values, i.e., Qeey, with the correlation coefficient R? values were also closer to unity as listed

in Table 3.2.

Table 3.2. PFO and PSO kinetic parameters for lysozyme adsorption

Qeeyp PFO PSO
Sample (MR oo, T T 0
(mg/g) (mg/g)

CSiOM 12.4 13.8  0.24 12.9 0.89
CSi0 27.8 105 0.53 32.0 0.85
CSi30 191.8 3.8 089 1852 0.99
CSi50 1170.1  599.7 091  1250.0 0.99
CSi80 1872.6 68.9 033  2000.0 1.00
CSil00 1524.0 3914 0.87 1428.6 0.99
Cfine 10459  641.1 096  1111.1 0.99

This result suggests that the chemisorption was more related as rate-determining step
of adsorption process [32,33]. Therefore, the observation result of adsorption capacity in the
effect of contacting time was shown in Figure 3.8 with PSO model as the fitting line.
Interestingly, though CSi100 has the highest loading of TOCN among all samples, its
adsorption capacity is less than CSi80. As can be seen from Figure 3.8, the adsorption of
lysozyme by CSi80 exceeded 90% of the initial amount of lysozyme in less than 5 minutes,
with no significant increase with more adsorption time. Alternatively, the rates for CSi100
and commercial beads were initially slow, continuing to increase for the next 2 hours slightly.
We expect the high adsorption of CSi80 particles were contributed by the higher specific
surface area of CSi80 compared to CSi100 particles.
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Figure 3.8. Adsorption rates for lysozyme of the samples

Table 3.3. Surface area and pore volume of Cfine, CSil00, and CSi80

Sample Name Sper (m%/g) 'V Mesopore (cm3/g) V Micropore (cm?/g)
CSi80 30.8 9.01E-02 1.66E-02
CSi100 2.6 1.38E-02 1.48E-03

Considering the dimension of lysozyme is 4.5 x 3.0 x 3.0 nm?®[34], the relevant pore
size and the surface area become another factor in enhancing the adsorption performance.
Figure 3.8 shows the N> adsorption-desorption isotherms and pore size distribution curve of
CSi80 and CS1100 to confirm the effect of the TOCN network on the macroporous of the
TOCN@macroporous SiO: particle on the textural properties. Generally, the N> isotherms
of all samples showed a type IV adsorption isotherm behavior with a hysteresis loop, which
was accompanied by a capillary (IUPAC classification)[35]. The geometry of each prepared
adsorbent was predicted based on the shape of the hysteresis loop. This type of H4 hysteresis
loop usually indicates the existence of micropores due to aggregation that produces slit-
shaped pores [36]. Therefore, it is predicted that slit pores exist between the parallel bundles
of cellulose fibers. The slit pore size of CSi100 was observed as 2 peaks of the mesopore
size distribution with radii of 2 and 12 nm (Figure 3.9b). Alternatively, CSi80 shows an H2
hysteresis loop above P/Po ~ 0.5 (Figure 3.9a). Hysteresis loops of type H2 have more
complex pore structures in which network effects are important [37]. The hysteresis loop
related to capillary condensation and evaporation of N2 was observed in a lower relative

pressure range of 0.5 <P/Po < 0.9. This was attributed to capillary condensation of nitrogen

53



Chapter 3. TOCN decorated macroporous silica particles: Synthesis, characterization,
and protein adsorption performance

in the mesopores and multilayer adsorption on the mesopores and macropores. The pore size
distribution of CSi80 shows the wider distribution and higher intensity with the pore size
peaks at 3, 4, and 16 nm. The pore volume calculation shows that CSi80 has the highest pore
volume compared with CSi100. The larger pore size, broad pore size distribution, and large
pore volume of CSi80 comparison to CSi100 were beneficial for lysozyme adsorption as

lysozyme could easily penetrate the TOCN network into the free electrostatic site.
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Figure 3.9. a) N2 adsorption-desorption isotherms. b) Pore size distribution of CSil00, and

CSi80. c) FT- IR spectra of CSil100 and CSi80 before and after adsorption.

The FTIR spectra of CSi80 and CSil00 before and after lysozyme adsorption
confirmed the effective utilization of the carboxylate site (Figure 3.9¢). After the adsorption
process, both CSi80 and CSi1100 contained new peaks of amide I and II owing to lysozyme.
Despite that, the carboxylate peak of CSi80 at 1606 cm™ completely disappeared, while the
carboxylate peak of CSi100 was reduced suggesting that there are unutilized anionic sites of
CSi100 due to the dense structure of CSil00. It shows that the TOCN network on the
macroporous of CSi80 enhanced adsorption capacity of adsorption through a richer site of

electrostatic interaction.
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In summary, the new architecture of the TOCN@macroporous SiO> particle
increased the specific surface area, increased porous structure, required less TOCN but
possessed highly-negative charge. These characteristics enhance the active sites, which leads
to a relatively high and rapid protein adsorption capacity. In addition, macroporous silica
could be substituted with another material that is promising for wide application such as in

protein adsorption, drug delivery, and biosensors.

3.3.4 Reusability of the TOCN@macroporous SiO; particle
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Figure 3.10. Reusability of CSi80 on lysozyme a) adsorption capacity and b) desorption
efficiency, c) Isoelectric point of lysozyme, TOCN, and the SiO: porous particles and d)
Morphology of particle before and after reusability test

The reusability of the TOCN@macroporous SiO; particle was observed via
adsorption-desorption-resorption of lysozyme on CSi80, as shown in Figure 3.10a&b. The
adsorption process was observed in pH 7 when particle has negative charge while protein
has positive charge (Figure 3.10c¢). The desorption process was observed in pH 11.5 where
particle and protein have negative charge. Based on the graph, the reused CSi80 increased
the adsorption capacity of lysozyme after 1 cycle then slightly decrease to cycle 10 (Figure
3.10a). CSi80 can be used for 10 cycles with the adsorption capability of lysozyme

maintained above 90%. The adsorbed lysozyme was desorbed in the base condition using
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NaOH. Desorption of lysozyme was maintained above 95% and 85% after 5 and 10 cycles,

respectively. Therefore, the prepared CSi80 had good reusability for lysozyme adsorption-

desorption, which could be used for effective protein adsorption or drug delivery.

Table 3.4. Comparison of different adsorbents for lysozyme adsorption

Amount of Qe
Particle adsorbent adsorbent Co
material (mg/mL) (mg/mL) mg/g %  Reusability Ref.
Alginate/graphene Good
) 3.33 1 275 92 38
oxide (5 cycles) %]
Good
Fe;04/Au-MBISA* 2 0.8 346 87 0° [39]
(7 cycles)
Porous carbon 47 1
nanotube/carbon
Activated carbon 0.67 0.1 7 5 n/a [40]
Macroporous resin 133 9
Heparin doped Good
20 3 88.1 59 41
CaCO3 (4 cycles) [41]
Good
Lyz-MMIPs** 1 0.4 102.4 26 32
vz S (6 cycles) 321
Graphene Oxide 0.1 0.143 715 95 n/a [24]
Mesoporous silica Good
15 10 300 20 42
SBA-15 (6 cycles) [42]
R-SBA-15 4 0.5 260 52 n/a [43]
Alginate-guar gum 0.164 10 24 83 nl/a [44]
hi h
C 1.tosan/ ydroxya /a /a 204 94 Good [45]
patite (4 cycle)
MCM—41 silica ) 1 37 61 Good [46]
particles (20 cycle)
Iphat ti
Sulphated magnetic 3.3 1.5 476 90 n/a [47]
NPs
TOCN/Silica Good This
0.2 0.4 1865 93
(CSi80) (10 cycles)  Study

* 2-mercapto-5-benzimidazolesulfonic acid

** lysozyme-based magnetic molecularly imprinted polymers
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Table 3.4 summarizes the adsorption properties of several types of adsorbents in the
lysozyme adsorption process. Alginate/graphene oxide is a good candidate due to their high
adsorption capacity and good reusability. The adsorption capacity of a reported carbon
nanotube/carbon composite is also more effective than activated carbon and resin. On the
other hand, among the adsorbents, the adsorption capacity of CSi80 was much greater than
previous adsorbents. CSi80 has the highest adsorption capacity with the amount of lysozyme
is two times higher than adsorbent. The outstanding performances of CSi80 could be
attributed to the electrostatic interaction by exchange or sharing of electron between the
silanol and carboxyl functional groups of CSi80 and cationic lysozyme. In addition, CSi80
has a higher cycle of reusability than the previous adsorbent. In the application of separation,
adsorption, and other works in the fluid system, the reusability is extremely important in

order to reduce the maintenance and compensate for their manufacturing expense.

34 Conclusion

TOCN@macroporous SiO> particles were synthesized by loading TOCN on the
surface of a porous silica particle. The highly-negative charge and rich carboxyl groups of
TOCN render the particles effective as a protein adsorbent. The loading amount of TOCN
was varied to observe property trends. Pure TOCN, pure porous silica, and commercial
cellulose beads were used for adsorption comparison. The TOCN@macroporous SiO>
particle had a similar functional group, similar zeta potential, yet higher surface area than
that of pure TOCN. As a result, the TOCN@macroporous SiO» particle had high adsorption
capacity, rapid adsorption, good reusability, and good release of the adsorbate. The results
suggest the potential for TOCN@macroporous SiO> particles in drug delivery, protein

adsorption, and other applications in the biomedical field.
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Chapter 4
Effect of silica macropore size fitted with the length

of TOCN on protein adsorption

4.1 Introduction

In the chapter 3, we successfully demonstrated for the first time TEMPO-oxidized
cellulose nanofibers (TOCN) as an anionic polymer decorated macroporous silica
(TOCN@macroporous Si0y) particles for protein adsorption [1]. Combined advantages of
fast adsorption equilibrium from TOCN and a high degree of accessibility, derived from the
macroporous silica, resulted in a unique structure exhibiting outstanding adsorption
performance and excellent reusability with high adsorption and desorption capacities.
However, the exact mechanism underlying how TOCN is decorated on porous structures and
the resulting performance from interface interaction with protein still requires circumventing.

Different from other polymers, TOCN exhibits a high aspect ratio and not soluble in
water or most of the organic solvents. So that, the loading process is dependent on the pore
size of the substrate. TOCN is well individually dispersed in water (wet-state) due to high
negative charged [2,3] that we expect that TOCN can independently penetrate the appropriate
pore size and finally form a network in the drying process. Therefore, tuning the silica
macropore size in the presence of TOCN via smart and rational design is highly desired. In
this chapter, macroporous silica particles of varying pore sizes were used to obtain the
optimum macropore size for the desired TOCN loading and concomitantly, to understand
how protein diffusion reaching the active sites is influenced. Since the highly negative zeta
potential, surface area and pore size distribution are important factor in the adsorption
process, in this chapter we observed the aforementioned characteristics on
TOCN@macroporous SiO; particles.

In addition, an adequate description of the adsorption driving forces of protein on
TOCN@macroporous SiO» particles is still lacking. Gaining a better understanding of the
interactions driving the adsorption is fundamental to produce improved adsorbents for ion-
exchange applications and other biomedical application. In the previous research, the driving
forces towards cellulose based materials have been carried out using thermodynamics of
adsorption. However, mostly of them focused on the removal of heavy metal ions and

organic pollutants [4,5]. In particular, the thermodynamics of adsorption gives information
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about the spontaneity, the driving force, and the direction of the process, as well as an
indication on the strength of the interactions. Therefore, this chapter allowed elucidation of
adsorption kinetics, thermodynamics, and isotherm parameters to understand the driving
force of lysozyme adsorption on TOCN@macroporous SiO; particles as a function of the

host structure.

4.2 Experimental

4.2.1. Synthesis of TOCN-decorated macroporous silica (TOCN-MPS) particles

Herein, three types of TOCN-MPS particles—TOCN-MPS-X (X = macropore size
of 100, 300, or 500 nm)—were prepared via a spray pyrolysis method followed by a TOCN
loading process. As a comparison, cellulose nanofiber-loaded dense silica (TOCN-DS)
particles were also prepared to clarify the effectiveness of the macroporous structure. Figure
4.1 shows the process diagram for the preparation of TOCN-MPS particles. First,
macroporous silica (MPS) particles were prepared from tetraethyl ortho-silicate (TEOS,
99.9%, Sigma-Aldrich, St. Louis, MO, USA) as the silica source. Nitric acid (HNO3, 60%,
0.1 M, Kanto Chemical Co, Inc., Japan) was used as the catalyst, and polymethyl
methacrylate (PMMA, Sekisui Plastics Co., Ltd., Tokyo, Japan) particles functioned as the
template for macroporous formation. Deionized water was used as the solvent. Dense silica
(DS) particles were prepared with the same condition as MPS particles but without PMMA
particles. Detailed precursor conditions and characteristics of DS and MPS particles are
indicated in Table 4.1. The precursors were sprayed using an ultrasonic nebulizer as an
atomizer through a tubular furnace with four stacked temperature zones using N> as the
carrier gas. A detailed spray pyrolysis experimental set-up was similar to that previously
described [6—9]. The surface charge of the collected MPS particles were thereafter adjusted
from negative to positive (Figure 4.1) by stiring in a 1 wt%
poly(diallyldimethylammonium chloride) (PDDA, MW = 100,000-200,000, Sigma-
Aldrich) solution having a MPS/PDDA mass ratio of 1/2. After stirring for 30 min at room
temperature and washing two times, the positively-charged MPS particles were obtained as
indicated in Table 4.1. Thereafter, as illustrated in Figure 4.1, the TOCN was loaded onto
the MPS particles by dispersing the positively-charged MPS particles in a 0.1 wt.% TOCN
(TEMPO-oxidized cellulose nanofiber, DKS Co., Ltd., Japan) aqueous solution with a
TOCN/MPS mass ratio of 3/2. The TOCN dimensions used in this research are 100-300 nm
(length) and 3—4 nm (width) with a corresponding zeta potential value of =59 = 2 mV. The
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mixing solution was stirred for 2 hr at 800 rpm and 50 °C. Next, the TOCN-MPS particles

were collected following a spray-drying process at 180 °C.

A2 ?-DD A TOCN

7

++

Negative PDDA- Positive charged
charged dense functionalized dense silica TOCN loaded TOCN-DS
silica particle silica particle particle
(DS) (modified DS)

- _ + 0+
Negative PDDA- Positive charged
charged functionalized macroporous silica TOCN loaded  TOCN-MPS

macroporous silica particle particle (modified

silica particle MPS)

(MPS)

Figure 4.1. (a) Process diagram that illustrates the preparation of cellulose nanofiber-

loaded macroporous silica (TOCN-MPS).

4.2.2 Lysozyme adsorption properties

All adsorption performances were investigated using lysozyme (MP Biomedicals,
Solon, OH) as the targeted model molecule. Regarding the measurement of adsorbed
lysozyme under equilibrium conditions (Qe, mg/g), 10 mg lysozyme was dispersed in 49 mL
of water to which 1 mL of a buffer phosphate solution, pH 7, was added. Thereafter, 5 mg
of TOCN-MPS particles were added and stirred for 2 hr prior to being centrifuged at 15,000
rpm for 5 min. The supernatant analyzed using a UV Vis spectrophotometer (UV-3150,
Shimadzu, Japan) with a wavelength from 240—-400 nm at room temperature. The absorbance

intensity, which indicates lysozyme concentration, was measured at 281 nm.

To understand the adsorption process mechanism of the TOCN-MPS particles,
kinetic, isothermal, and thermodynamic parameter calculations were employed. The

feasibility and the diffusion rate of the adsorption process were evaluated using pseudo-first-
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order (PFO), pseudo-second-order (PSO), and the Weber-Morris model. The calculation was
obtained by measuring the adsorption capacities at equilibrium (Qe, mg/g) and at time t (¢,
mg/g) from 0-2 hr. The thermodynamic parameters were observed to predict the spontaneous
adsorption process by varying the adsorption temperature. The temperature was variated
between 25, 30, 40, and 50 °C, with the lysozyme concentration, Cp =200 mg/L, at pH 7 and
2 hr contact time. To explore the interaction between lysozyme and TOCN-MPS, isothermal
parameters (Langmuir, Freundlich, Temkin, Redlich-Peterson (R-P), Sips, Koble-Corrigan
(K-C), and Toth models) were calculated by varying Cy (Cp = 20, 50, 100, 200, 400, and 800
mg/L). The adsorptions were conducted at 25°C, pH 7, and at an adsorbent dosage of 100
mg/L. The optimum adsorption model was determined by the error of analysis value (R?).
All the adsorption performances and characteristics were performed at least three times and

averaged.

4.2.3. Characterization.

Scanning electron microscopy (SEM) (S-5000, Hitachi Ltd., Tokyo, Japan) was used
to investigate the morphology of the products. Dynamic light scattering (DLS) with a ZS
nano analyzer (Malvern Instrument Inc., London, U.K.) was used to examine the size
distribution and - potential of the particles. Characterization of the functional groups was
determined using FT-IR spectroscopy (IRAffinity-1S, Shimadzu). Thermogravimetric
analysis (TGA-50/50H, Shimadzu Corp., Kyoto, Japan) was used to determine the loading
amount of PDDA and TOCN. The surface area was determined quantitatively by N>
adsorption-desorption (BELSORP-max, BEL Japan, Osaka, Japan) using the Brunauer—
Emmett-Teller (BET) method. The pores distribution was determined by the Barrett—
Joyner—Halenda (BJH) method.
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Table 4.1. Synthesis of macroporous SiO: particles via spray pyrolysis.

Sample Precursor for spray pyrolysis* MPS Modified MPS
namz TEOS PMMA Template Total solution Particle  Pore size (-potential PDDA loading C-potential
M) (wt.%) size (nm) (mL) size (um)® (nm)* (mV)P amount (mg/mg)¢ (mV)P
DS 0.4 - - 100 1.2 - -36.7 0.025 36.9
MPS 100 0.4 10 100 100 1.4 75+£3 -37.2 0.089 30.2
MPS 300 0.4 10 300 100 1.0 2377 —38.6 0.067 32.7
MPS 500 0.4 10 500 100 1.1 436 £ 11 -37.7 0.045 34.2
Table 4.2. Synthesis of cellulose nanofiber-loaded macroporous SiO: (TOCN-MPS) particles
Precursor Product
Sample name Modified DS TOCN Total TOCN loading {-potential® SSABET® Total pore
or MPS (wt.%) (wt.%) solution (mL) amount? (mg/mg) (mV) (m?/g) volume® (cm’/g)
TOCN-DS 0.06 0.1 100 0.583 -59.6 2.86 0.042
TOCN-MPS 100 0.06 0.1 100 0.583 -59.7 6.67 0.043
TOCN-MPS 300 0.06 0.1 100 0.554 -59.4 9.12 0.087
TOCN-MPS 500 0.06 0.1 100 0.572 -59.8 4.55 0.023
TOCN - 0.1 100 1.000 —59.0 3.29 0.017
a) Spray pyrolysis conditions: b) Calculated by DLS analysis.
Furnace temperature : four stacked temperature zones set to ¢) Estimated by calculation of 200 pore sizes in SEM images.
150, 350, 500, and 500 °C d) Calculated by weight loss in TG analysis
Atomizer : ultrasonic nebulizer, 0.8 MHz e) SSAger and total pore volume are calculated by the BET
Carrier gas : N2 (1 mL/min) method
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4.3 Results and Discussion
4.3.1 Characteristics of silica/TOCN particles

The representative SEM micrographs of the MPS and TOCN-MPS particles are shown
in Figure 4.2 a—d. Initially, prior to the addition of TOCN, all DS and MPS particles (Figure
4.2 a0-d0) exhibit a spherical form with a dense or macroporous structure following the size
of the templates (100, 300, and 500 nm). However, the average final macropore size of the
silica is not the same as the template size as a result of shrinkage during the drying and

template removal processes [10,11].
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Figure 4.2. SEM images of DS and MPS particles before (a0-d0) and after modification
(al-dl1). SEM micrographs of TOCN-DS and TOCN-MPS particles (a2—d2) and high
magnification images (a3—d3).
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Figure 4.3 (a) Zeta potential of MPS, modified MPS, and TOCN-MPS particles. The
template size 0 nm indicates DS particles.

The final macropore size of the ‘MPS 100’ particles are 75 nm, which is smaller than the
TOCN length. The ‘MPS 300’ particles have a final pore size of 237 nm, which is a similar
size as the TOCN length. While the ‘MPS 500’ particles have a pore size of 436 nm, that is
larger than the TOCN length. After PDDA deposition (Figure 4.2 al—d1), the modified DS
and MPS particles exhibited the same morphology as observed prior to the modification; that
is, the particles still retained a spherical form with dense and open macroporous structures.
Even so, the change of zeta potential from negative (—37~—38 mV) to positive (30~34 mV)
was confirmed for all of the samples, as indicated in Figure 4.3a and Table 4.1. The
morphology of the DS and MPS particles changed after TOCN loading. In the TOCN-DS
particles, the DS particle surface was observed to be covered with a tight TOCN network
(Figure 4.2 a2—-a3). From Figure 4.2 a2—d2, the TOCN network appeared to become thinner
as a function of increasing macropore size. The ‘MPS 100’ particles, which initially exhibited
numerous open macropores, became almost closed after TOCN loading (Figure 4.2b).
Conversely, the macropore size of the ‘MPS 300’ particles were only partially covered by
TOCN (Figure 4.2¢), while the macropores of the ‘MPS 500’ particles were not covered at
all (Figure 4.2d). Although, the TOCN network is observed to be stretched across the surface
of the interconnected channels (Figure 4.2d3). However, all particles have a similar TOCN
loading amount (Table 4.2) and possess a high negative charge (—59.4~—59.8 mV) similar
to the zeta potential of TOCN.

4.3.2. TOCN deposition on macroporous structure

The SSA of the MPS and DS particles were measured before and after the addition
of TOCN (Figure 4.4). Interestingly, the “TOCN-MPS 300’ particles exhibit the highest SSA.
Whereas, prior to the TOCN loading, the ‘MPS 100’ particles displayed the highest SSA.
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These results indicate that the MPS macropore size influenced the characteristics of the

TOCN-MPS particles.

MPS

Blocked Pore
sites

0 500

100 300
Template size (nm)
Figure 4.4 SSA of MPS and TOCN-MPS particles. The template size 0 nm indicates DS
particles.

The mechanism of the TOCN deposition is suggested to depend on the macropore
size of the MPS particles, as shown in Figure 4.5a. TOCN has a high aspect ratio (>30) and
it is insoluble in water. Hence, the loading process of TOCN onto the particles requires a
surface to attach to. Once the particles come into contact with TOCN in the system, the
surface of the particle skeleton is the outer surface that interacts with TOCN. For TOCN-DS,
the silica possesses a dense morphology, which means that the entire surface can be used to
attach TOCN. Thus, a tight TOCN network is formed on the surface of the dense silica, as
shown in Figure 4.2 (a2-a3) as illustrated in Figure 4.5a. A similar phenomenon also
occurred in the “TOCN-MPS 100’ particles. The macropores of the ‘MPS 100’ particles that
were initially opened became almost closed after TOCN loading (Figure 4.2 b2-b3), as a
result of the ‘MPS 100 macropore size being smaller than the TOCN length. Hence, the
addition of TOCN attaches to the skeleton surface between the macropores, which eventually
closed the macropore, as illustrated in Figure 4.5a. Initially, the ‘MPS 100’ particles possess
the highest SSA comprising numerous macropores between 68—78 nm and several
mesopores, which may derive from the interconnected channel size. However, this closed
macropore results in hindered access to the interconnected channels inside of the porous
particles, indicated by the significantly decreasing surface area, as shown in Figure 4.4.

Different phenomena are observed for the ‘TOCN-MPS 300’ particles. Only the
partially open macroporous structure was covered by the TOCN networks (Figure 4.2 ¢2—
¢3). Because the size of the macropore (273 nm) is within the range of the TOCN length
(100~300 nm), open macropores with some fibers attached inside the macroporous surface

are observed. When the TOCN is larger, the attachment is to the skeleton surface between
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the macropores, which induces a TOCN network across the macroporous external surface.
While the smaller TOCN can insert and become attached to the inner surface of the
macropores. In the ‘TOCN-MPS 500’ case, since the length of the TOCN is smaller than the
pore size of “TOCN-MPS 500°, besides being loaded onto the skeleton, the majority of the
TOCN is also contained inside the macropores. The TOCN location is evidenced by the
presence of a TOCN network stretched at interconnecting pore channels, as shown in Figure

4.2 d3.
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Figure 4.5. The mechanism of the TOCN deposition.

4.3.3. Protein adsorption performance: Thermodynamic analyses

It has been known that zeta potential plays an essential role in the adsorption process
because of the electrostatic force that attracts selective molecules to the adsorbent
surface.[12—14] However, if engineered porous materials can be developed by coordinating
meso-macroporous particles and functionalized polymers, the adsorption process is expected
to be significantly enhanced. By considering this strategy, a TOCN-MPS particle for protein
adsorption was proposed having the following optimized adsorbent criteria: (1) a high degree
of surface-functionalized carboxylation groups that are highly negatively-charged for
effective adsorption; (2) high surface area and high pore volume with a large number of
mesopores for efficient adsorption; and (3) open and interconnected macroporous channels
within a desired particle size range to allow efficient ingress of both small and large

molecules.
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Figure 4.6. Adsorption ratio of lysozyme as a function of time with the following
conditions: initial lysozyme concentration: 200 mg/L; dosage of adsorbent: 100 mg/L; pH:
7, and equilibrium time: 2 hr.

The first criteria can be satisfied by selecting a TEMPO-oxidized cellulose nanofiber
as the functionalized polymer surface because of the high degree of carboxylate groups and
negative zeta potential. As a result, all TOCN-MPS particles used in this study exhibit high
negative zeta potentials that resemble the actual TOCN charge, which suggests an effective
adsorption process. As proven in Figure 4.6 and Table 4.2, all particles can adsorb lysozyme
in significant quantities (>1,000 mg/g) within 5 min. Undeniably, these results demonstrate
the potential of the TOCN-MPS particles as an up-and-coming system for adsorbing large
molecules over a short period of time. The data suggest that TOCN-MPS contains abundant
and accessible binding sites that lead to a high adsorption rate of lysozyme over a short period

of time.

The thermodynamic parameters such as the changes in free energy (AG®), enthalpy
(AH®), and entropy (AS°) were calculated by the Van’t Hoff equation to understand the
forces behind self-organization and co-organization of the TOCN-MPS particles with

lysozyme.
AadSGO = AadSHo - TAadSSO 4.8
P 4.9
Ce
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The linear Van’t Hoff plot:

NggsS®  AggsH® 4.10
InKk = —
R RT

where K is the equilibrium constant, AuasH® (kJ/mol) is the enthalpy change, A44sS° (J/mol-K)

is the entropy change, A.asG° (kJ/mol) is the Gibbs free energy, R is the ideal gas constant
8.314 (J mol ™! K™!) and T is the temperature (K). From plotting In K vs 1/T, the value of
AadsS® can be calculated from the intercept, and AqusH® from the slope of equation 4.3. The
value of A44sG° can be calculated from equation 4.1. In order for the protein adsorption to
occur spontaneously, 4.4sG° must be a negative number. Therefore, the AussH® must be a

small value or A4asS° is big value.

Table 4.3 Thermodynamic parameter comparisons of various lysozyme adsorbents.

O AS° AH° AG° Qe (mg/g) t* (min) Ref.

This
TOCN-MPS 300 25 0.25 —64.63 —140.61 1,516 5

study
PGMA-Heparin 25 54.27 -1.0 —17.18 654 240 [16]
Colloidal silica particle 70 1.24 448 22.5 n/a n/a [17]
Polyacrylamide cryogel 35 2.24 -12.6 -14.9 363 n/a [18]
Mesostructured cellular

25 —0.043 —-48.6 359 226 n/a [19]

Foam (MCF) silica
Gold NPs 25 12.5 —57.8 —63.6 n/a n/a [20]

a Time needed to reach equilibrium adsorption

The thermodynamic values, as presented in Table 4.3, show an exothermic enthalpy
and a positive change in entropy upon adsorption. The favorable exothermic enthalpy is
mostly attributed to chemisorption process. The physical adsorption could be observed in the
enthalpy range between -20 to -40 kJ/ mol, while the chemisorption is between -400 and -80
kJ/mol. The chemisorption could be occurred trough the formation of electrostatic interaction
and hydrogen bonds and aromatic stacking interactions on the hydrophobic face of
crystalline cellulose.[15] The positive entropy suggests a dominance of the entropic

contribution, which can be explained by considering the loss of preferential polar interactions,
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which causes the release of the water molecules structured around the TOCN [5] Generally,
this combination indicates that the process is spontaneous at any temperature, as proven by
the AG® values, and was observed to be negative at any temperature. Compared with other
adsorbents, the results show that ‘TOCN-MPS 300’ has the highest negative value of Gibbs
energy. Therefore, there is no surprise in TOCN-MPS adsorbing lysozyme in large quantities

over a short period of time.

4.3.4. Protein adsorption performance: Kinetic analyses

0.15 1600 10
b
a) + TOCN-DS (b)
TOCN-MPS 100 1°
“ 1500 .
TOCN-MPS 300 . 185D
S q
TOCN-MPS 500 -] 17&
0.1 E 1400 5
¢ o 16 m©
A ; 9
- & <
g §1300 ) {5 g
5 145
. el «»
0.05 £ 1200 e
__-X z 135
3 < —+—Adsorbed lysozyme 12 g
pesd 1100 @
r o Specific surface area 1
o h
0 1000 0
0 50  t(min) 100 150 0 100 200 300 400 500
Pore size (nm)
(c)4.E-03 (d) 1600
mesopore
——TOCN-DS 1500 | T o e
_ TOCN-MPS 100 o
23 E03 TOCN-MPS 300
£ TOCN-MPS 500 1400 @ @ TOCN-MPS 100
= —_ sefhesscsasasns '
v =] PO VI L
E E a “*  TOCN-DS 0
% 2 E-03 61300 Q [ 'S L LTTT T &
2 ou
k]
5 [ 1200
£
o
S 1.E-03 J
B 1100 TOCN-MPS 500
| @ @ @
’ | JOF T TYTTRITRLE [}
\\. w-N--ET
0.E+00 Lo L . -:’:"’J 1000
2 20 0 5 10 15
Pore size (nm) 105 (min©5)

Figure 4.7. (a) PSO fitting plot (b) Influence of macropore size on the SSA and TOCN-
MPS adsorption capacity (c) Pore size distribution plots: mesopore-macropore (2—200 nm)
calculated by the Barrett-Joyner-Halenda model, micropore (<2 nm) derived from HK
calculations. (d) Weber and Morris intraparticle diffusion plots.

Even though all particles have almost identical zeta potential values, there is a clear
difference in the adsorption capacity of each particle (Table 4.3). This highlights that effective and
efficient adsorption not only depends on the electrostatic interaction acting as a driving force, but

also that the optimum particle structure plays a role in enhancing fluid diffusion to reach the binding
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site. Interestingly, ‘TOCN-MPS 300’ exhibits the highest adsorbance capacity of all particles (1,516
mg/g). The higher adsorption capacity of ‘TOCN-MPS 300’ is considered as a result of possessing
an optimized structure having the following three properties: (i) a large SSA and pore volume; (ii)
optimal pore size and a broad size distribution; and (iii) open macropores with a desired TOCN

distribution on the skeleton and inside the macroporous.

PFO and PSO models were calculated to understand the rate of adsorption (detailed
calculations in chapter 3) and the results are presented in Table 4.3. From the value of the
correlation coefficient (R?), the PSO rate was observed to be the dominant kinetic process
because the R? value of PSO was ~1 (0.999) and the R’ value of PFO was <0.8. Proper fitting
of the PSO model (Figure 4.7a) supports the assumption that the rate of adsorption on the
active sites is highly influential and that the rate-limiting adsorption step is likely to be
chemisorption.[21,22]. In other words, chemisorption process such as electrostatic forces
and hydrogen bonding were observed to play a significant role in the binding reaction in the

system.[23]

Table 4.4 Kinetic parameters for lysozyme adsorption onto TOCN-MPS.

TOCN-MPS
TOCN-DS

100 300 500
Q. (mg/g) 1293 1388 1516 1052
Kinetics Parameters
PFO Model
0O: (mg/g) 30.81 0.45 80.16 29.89
R’ 0.39 0.12 0.56 0.74
PSO Model
0> (mg/g) 1297 1378 1520 1054
R’ 1.00 1.00 1.00 1.00

Compared with the TOCN-DS and TOCN particles, which possess a dense core,
the TOCN-MPS particles exhibit a higher SSA with a broader macro-mesopore pore size
distribution. These results indicate that the macroporous structure successfully increased the
accessibility of the binding sites by preventing TOCN aggregation and by providing
interconnected channels inside the TOCN-MPS particles. The adsorption capacity correlates
well with SSA and pore volume, Figure 4.7b and Table 4.2. Since the TCON-MPS particles
have similar zeta potential, the results show that a better mass transfer process increases the
number of readily active sites to adsorb protein. “TOCN-MPS 300°, which exhibits the
highest surface area also displays the highest adsorption capacity, contributed by the high

75



Chapter 4. Effect of silica macropore size fitted with the length of TOCN on protein
adsorption

pore volume derived from the mesopores. Considering that the dimensions of lysozyme are
4.5 x 3.0 x 3.0 nm>,[24] the large surface area combined with an abundance of ordered
mesopores becomes an essential factor to enhance the adsorption performance. The origin of
the mesopores derives from the space between the TOCN network and the interconnected
MPS pore channels. The observed peak in the pore size distribution plot, with the range of
20-50 nm, results from the void between the TOCN network, confirmed by the same peak
(pore size range of 20—50 nm) attributed to the TOCN particle. However, the pore size within
the range of 2-20 nm derives from the interconnected channels between the macropores
proven by the same peak within the pore size distribution plot of MPS.

As shown in Figure 4.7¢, the “TOCN-MPS 300’ particles exhibit a broad pore size
distribution within the meso-macropore range with a more evenly distributed pore volume
indicating that ‘TOCN-MPS 300’ possesses highly interconnected channels with open
macropores across a 50-200 nm size range. Thereafter, TOCN deposition induces an
abundance of accessible binding sites that enhances the capacity for protein adsorption. In
short, the “TOCN-MPS 300’ particles fulfill the second and third criteria, where this material
exhibits the highest SSA combined with an abundance of mesopores and interconnected
channels whilst maintaining open macropores.

The Weber-Morris function was calculated, and the results plotted in Figure 4.7d,
which show the intraparticle diffusion model for solid/solution interfaces. The TOCN-DS
and ‘TOCN-MPS 100’ particles showed two linear lines in the Weber Morris plot, while
‘TOCN-MPS 300’ and ‘TOCN-MPS 500’ show three linear lines. Overall, the kinetics data
exhibit multi-linear lines, that means a multi-step diffusion process controlled the adsorption
process.[25] Hence, from the aforementioned explanation and the Weber-Morris calculation
(Figure 4.7d), a schematic of the lysozyme adsorption process is proposed as shown in
Figure 4.8.

As illustrated in Figure 4.8, for TOCN-DS, initially lysozyme is adsorbed onto the
solid TOCN surface, and thereafter, is followed by slow diffusion inside the TOCN layer,
which is composed of mesopores. Subsequently, since TOCN-DS has a dense core, the
equilibrium is quickly achieved after lysozyme is adsorbed onto the outer surface of the
particles. The “TOCN-MPS 100’ particles also show a two-step diffusion process. However,
the “TOCN-MPS 100’ particles exhibit a higher initial adsorption capacity when compared
with the TOCN-DS particles. Hence, the first diffusion step is not only as a result of the

adsorption on the outer solid surface but also by penetration through the macroporous
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structure. Additionally, because the “TOCN-MPS 100’ particles have a porous core, a slow
second diffusion is considered to be presented inside the TOCN layer through the

mesoporous structure.

(a) TOCN-DS (b) TOCN-MPS 100 (c) TOCN-MPS 300 (d) TOCN-MPS 500
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Figure 4.8. Lysozyme adsorption mechanism. (a) Lysozyme only adsorbed on the surface

Time contact

of TOCN-DS particles. (b) Most of lysozyme adsorbed on the outer surface of TOCN-MPS
100 particles because the open macropores almost completely closed by TOCN. (c)
Lysozyme could be partially adsorbed into porous structure by penetration through open
macroporous with size of ~100 nm or >200 nm. (d) In contrast, almost all macropores
were open and lysozyme could be adsorbed into interior macropores of TOCN-MPS 500

particles.

For the “TOCN-MPS 300’ particles, the Weber Morris plot shows three linear lines
that indicate a three-step diffusion process. As illustrated in Figure 4.8, lysozyme first
penetrates through the macropores and is transferred across the external surface. Thereafter,
the second linear line derives from mesopore diffusion where the fluid contains non-adsorbed
lysozyme that diffuses into the macroporous structure and is adsorbed onto the binding sites
dispersed within the macropores. The third linear line indicates that the molecules diffuse
further into the smaller mesopore and micropore regions to the binding sites. The ‘“TOCN-
MPS 500’ particles also show a three-step diffusion process, however, at lower adsorption
capacities. The macropore size of ‘TOCN-MPS 500’ particles were significantly larger

compared with the lysozyme dimensions which allows better diffusion transport thoroughly
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into the binding sites. However, large macroporous somewhat causes less ordered porous
structure. It was indicated by the lowest total pore volumes (Table 4.2) and lower number of
mesopores compared to other particles (Figure 4.7¢). Hence, equilibrium is quickly achieved
at low capacities. In summarizing, and taking into consideration the previous explanation,
when the MPS size is within range of the TOCN length, the optimum size to realize an

effective and efficient adsorption process is achieved.

4.3.5. Protein adsorption performance: Isothermal analyses

To better understand the protein adsorption mechanisms for different pore-
engineered TOCN-MPS materials that have a complex heterogeneous porous structure and
poorly understood adsorbents, adsorption isotherm models that describe the amount of
protein adsorbed on the adsorbent as a function of protein concentration was conducted.
Isotherm parameters were obtained through a nonlinear fit of experimental data with seven
model isotherm equations, as calculated by the equation in Table 4.5. Figure 4.9a and Table

4.6 shows the overall results of R’.

2,000 T T T
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R Y
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Figure 4.9. (a) Adsorption isotherm fitting of lysozyme onto ‘TOCN-MPS 300’
(b) Illustrated adsorption process of TOCN-MPS particles based on Sips and Toth models
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Table 4.5. Adsorption isothermal models.

Isotherm models Nonlinear equation Linear equation Ref.
Two-parameter isotherms
Langmuir Q, = Imaxkite -t 4. 1 [26]

e 1+k.Ce Qe K1QmaxCe  Qmax

: 1 1

Freundlich 0. = koG, log Q, = log ky + (Z) logc, [27]
Temkin 0, = ElnATC Q, = B In Ar — Eln C [28]

e bT e e bT bT e
Three-parameter isotherms
Redlich-Peterson In (kR Ce _ 1) =gInC, + [29]

_ kgrCe Qe
Qe - 1+aRCeg
In ag
Sips _ _ksCe" Q) _1 [30]
Qe = i In(g—2—) = 2In C, + Inks

Koble-Corrigan 0, = Ac™ -1 B [31]

€ 1+BC," Qe AC,t A
Toth krCe Qe _ _1 32

0 Q, == < lnkT—lnCe tln(aT+ [32]
(ar+Ce)t
Ce)

When fitting two-parameter isotherm models, linear equations were used to plot the y values
as a function of Qe vs the x values as function of Ce. From the linear line, various constant
values were obtained. When fitting three-parameter isotherm models, nonlinear equations
were used, and all three isotherm constants were evaluated with the use of a solver add-in
function in Microsoft Excel. Thereafter, after calculating all parameters, the values of Qe
were recalculated using a nonlinear equation. The difference in the Qe values derived from
the experimental data from different isotherm models was obtained by analyzing the

coefficient of determination (R?) following the below equation:

Z(Qe,cal - Qe,exp)2 4.11

R? =
Z(Qe,cal - Qe,exp)2 + (Qe,cal - Qe,exp)2
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Table 4.6. Coefficient of determination parameters, R, for the adsorption isotherms of

lysozyme onto TOCN-MPS.

TOCN-MPS
TOCN-DS

100 300 500
Langmuir 0.79 0.82 0.83 0.77
Freundlich 0.77 0.80 0.82 0.85
Redlich-Peterson (R-P) 0.77 0.80 0.82 0.85
Sips 0.89 0.94 0.99 0.94
Koble-Corrigan (K-C) 0.89 0.94 0.99 0.94
Temkin 0.85 0.89 0.92 0.92
Toth 0.90 0.93 0.97 0.93

Overall, the fit of the Sips, K-C and Toth models were correlated relatively well to
the experimental data. The Toth model is applicable to predict heterogeneous adsorption with
the assumption that the majority of the sites have an adsorption energy lower than the peak
or maximum adsorption energy usually applied.[32,33] While the Sips and K-C models
predict only the heterogeneity and the interactions between the particle surface with the
adsorbed molecule.[30,31,34] The constants o and » indicate the level of heterogeneity in
the system for the Toth, Sips and K-C models, respectively, and if the respective values
deviate away from one this indicates that the system will be heterogeneous. As illustrated in
Figure 4.9b, the particles containing the fibrous network on the porous surface (MPS 100
and MPS 300) are more heterogeneous and provide multi-layer adsorption (0 <0.6 and n
<0.4) when compared with particles (DS and MPS500) having no fibrous networks on the
porous surface (o >0.6 and n >0.5). These results indicate that the adsorbent surfaces are
more complex and comprise multiple sets of adsorption site energies and levels, which leads

to heterogeneous adsorption and a combination of mono- and multi-layer adsorptions.[28]

4.4  Conclusion

In this study, composite nanostructured particles loaded with TOCN on the surface
were successfully prepared demonstrating outstanding adsorption capabilities. The
differences in structure and pore size in the macropore range influenced the variation in
TOCN loading deposition and the respective adsorption performance. Because TOCN has a
high aspect ratio, the deposition is observed not only on the external surface of the skeleton,

but also within the internal porous structure. All particles exhibit excellent adsorption
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abilities (>1,000 mg/g) in <5 min. Interestingly, the ‘TOCN-MPS 300’ particle, which has a
TOCN network stretching across the porous surface, exhibits the highest adsorption capacity.
Even though all particles have a high negative zeta potential and spontaneous adsorption,
‘TOCN-MPS 300’ successfully satisfies the three criteria to be an advanced adsorbent: first,
the surface is highly negatively-charged, which induces effective adsorption (adsorption
capacities >1,500 mg/g); second, a high surface area and pore volume is achieved with >50%
of the total pore volume being mesoporous; and third, efficient ingress of guest molecules
through open and continuous macroporous channels proven by the observed broad pore size
distribution and a multi-step diffusion process calculated from the Morin-Weber models.
Furthermore, the complex structure of ‘TOCN-MPS 300’ provides an abundance of
accessible active sites that can adsorb large molecules such as lysozyme through a multi-

layer adsorption process via a pore-filling mechanism.
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Chapter 5

Summary and Conclusions

Adsorption of proteins has enabled the development of diverse biomedical

applications. Thus, developing a novel advanced protein adsorbent that exhibited excellent

adsorption performance, relatively low-cost and practical feasible is highly demanded. This

dissertation was aimed to develop an advanced protein adsorbent by engineering hierarchical

macro/mesoporous structures that offer an abundance of accessible binding sites by

combining the advantage of macroporous particles with TEMPO oxidized cellulose

nanofibers. Furthermore, the mechanism of protein adsorption onto our material was

approached by theoretical adsorption equations. The major highlights of this dissertation are

followed:

1.

Template selection is a critical step to determine an effective and efficient method for the
synthesis of macroporous materials. In this study, we introduce the use of the low-cost
poly(methyl methacrylate) (PMMA) as a template in a spray pyrolysis process for the
synthesis of a porous carbon particle. In this study, we found that despite having the same
morphology, the PMMA template produced two times higher specific surface area than
that using polystyrene latex (PSL) template. The high surface area is attributed to the low
PMMA decomposition residue and the formation of a micropore and a mesopore. The
use of PMMA reduces the energy consumption for template decomposition by 32%
compared with PSL. This benefit suggests an excellent potential for the use of PMMA
in the scaled-up production of porous materials.

In developing of adsorbent, macroporous particles as supporting material used to load
TEMPO oxidized cellulose nanofibers (TOCN) as anionic polymer. The
TOCN(@macroporous SiO; particle has a unique cellulose nanofiber network structure
on the macroporous, highly-negative zeta potential (-62 + 2 mV) and relatively high
surface area for cellulose based particles. The interesting point here is
TOCN@macroporous Si0O: particle had a similar functional group, similar zeta potential,
yet higher surface area than that of pure TOCN. As a result, these TOCN@macroporous
SiO, characteristics provide sites rich with electrostatic interaction to exhibit an
outstanding adsorption capacity of lysozyme, rapid adsorption, good reusability, and

good release of the adsorbate. The results suggest the potential for TOCN@macroporous
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SiO, particles in drug delivery, protein adsorption, and other applications in the
biomedical field.

3. As a further development of TOCN@macroporous SiO» particles, the differences in
structure and pore size in the macropore is demonstrated the variation in CNF loading
deposition and the respective adsorption performance. The as-prepared adsorbent
particles exhibited a high negative charge (~—59 mV) and excellent protein adsorption
ability (>1,000 mg/g) in <5 min. Furthermore, tuning the macropore size influenced the
CNF deposition either to the external surface or penetrating within the pores. As a result,
the optimum macropore successfully enhances the adsorption capability to >1,500 mg/g
as aresult of improved interconnectivity between the channels. Here exposed macropores
of >100 nm allows ingress of protein to the interior structure that houses an abundance
of binding sites comprising the dispersed TOCN. Additionally, the adsorption kinetics,
thermodynamics, and isothermal parameters were studied to analyze the mechanism of
lysozyme adsorption. The adsorption process is confirmed to occur spontaneously at any
temperature with a pseudo-second-order model describing the kinetic model, and TOCN
deposition affecting the heterogeneity of the binding sites. Furthermore, the complex
structure provides an abundance of accessible active sites that can adsorb large molecules

such as lysozyme through a multi-layer adsorption process via a pore-filling mechanism.

The presented TOCN@macroporous SiO; particles represent a promising adsorbent material
to enhance adsorption capacity in rapid time. Moreover, we expect that the macroporous
silica could be substituted with another material that is promising for wide application such

as in protein adsorption, drug delivery, and biosensors.
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Nomenclature

Qe
Qel
Qez

Redlich-Peterson isotherm constant
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Qmax

Maximum monolayer coverage capacity of lysozyme
Adsorption uptake as a function of time

Theoretical isotherm saturation capacity

Universal gas constant

Coefficient of determination

Rate constant of intraparticle transport

Time

Temperature

Solution volume

Weight loss of porous silica after PDDA modification
Weight loss of porous silica before PDDA modification
Weight loss of CNF-MPS after CNF loading
Enthalpy change
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Gibbs free energy
1
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Zeta potential

vi
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Ilustrated adsorption process of TOCN-MPS particles based on Sips and Toth
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